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Zusammenfassung   
 
Zusammenfassung  
Der erste Teil der vorliegenden Arbeit behandelt die Charakterisierung von 12 
kommerziell erhältlichen Abdeckfolien für Mikrotiterplatten hinsichtlich ihrer Sauerstoff- 
und Wasserdampfpermeabilität. Ein besonderer Fokus dabei war, den Einfluss der 
Verdunstung auf die Temperatur der Flüssigkeit in den Vertiefungen zu überprüfen. Das 
Resultat der experimentellen Analysen zeigte, dass drei der untersuchten Abdeckfolien 
keinen Sauerstofftransport zulassen und damit für die aerobe Kultivierung ungeeignet 
sind. Hinsichtlich der Wasserdampfpermeabilität unterscheiden sich die restlichen Folien 
alle. Im Mittel lag der Wasserverlust bei 40 % des Anfangsvolumens nach 24 Stunden bei 
37°C und 45 % Luftfeuchte. Dieser immense Flüssigkeitsverlust führte beruhend auf 
Verdunstungskühlung zu Differenzen von bis zu 3.8°C zur gewünschten Temperatur. Die 
Ergebnisse machen deutlich, dass keine der 12 Abdeckfolien den Anforderungen des 
Anwenders gerecht wird. Um dieses Optimierungspotential zu adressieren, wurde ein 
mathematisches Modell entwickelt. Mit Hilfe des Modells wurde verdeutlicht, dass die 
Verdunstungsrate im Gegensatz zur Sauerstoffversorgung linear abhängig von der 
Diffusionsfläche ist. Eine Verringerung der freien Diffusionsfläche kann die Verdunstung 
demzufolge reduzieren ohne dabei den Sauerstofftransport zu beeinflussen.  
Im zweiten Teil der Arbeit lag der Fokus auf der Entwicklung einer Messtechnik zur 
quantitativen, nicht-invasiven Erfassung der Viskosität in Schüttelkolben. Die 
Messtechnik basiert auf dem physikalischen Phänomen, dass sich mit ansteigender 
Viskosität die Richtung, in die die rotierende Flüssigkeitssichel weist, relativ zur 
Zentrifugalkraft ändert. Dieser Versatz in der Flüssigkeitsbewegung kann dann mit der 
Viskosität korreliert werden. Zur nicht-invasiven Detektion der Flüssigkeitsposition 
wurden sowohl eine Fluoreszenz- als auch eine Transmissionsmessung entwickelt. Um 
die Information über die Flüssigkeitsposition im geschüttelten Kolben in ein 
Viskositätssignal zu verwandeln, wurde eine Kalibrierung mit Hilfe von Modellfluiden 
bekannter Viskosität erstellt. Die entwickelte 8-Kolben-Anlage wurde durch die 
Kultivierung der Bakterien Paenibacillus polymyxa und Xanthomonas campestris 
validiert. Der Vergleich der online Messtechnik mit einer herkömmlichen Messung am 
Rheometer zeigte, dass bis 120 mPa·s die Viskosität mit einer Genauigkeit von 
3.11 mPa·s ± 0.6 mPa·s gemessen werden kann. 
  Short version 
Short version 
The first part of this work deals with the characterization of 12 commercially available 
sealing tapes for microtiter plates with regard to their oxygen and water vapor 
permeability. Special attention was given to the influence of the evaporation on the liquid 
temperature in the well. The results of the experimental analysis showed that three of the 
investigated sealing tapes do not permit oxygen transport and are therefore unsuitable for 
aerobic cultivation. With respect to water vapor permeability, the remaining sealing tapes 
exhibit vast differences. On average, the water loss was 40% of the initial volume after 24 
hours at 37°C and 45% humidity. This immense liquid loss led to differences of up to 
3.8°C from to the desired temperature due to evaporative cooling. Accordingly, none of 
the 12 sealing tapes met the requirements of the user. To address this optimization 
potential, a mathematical model was developed. With the help of the model, it was shown 
that, contrary to oxygen supply, the evaporation rate is linearly dependent on the size of 
the diffusion area. A reduction of the diffusion area can therefore reduce evaporation 
without affecting oxygen transport.  
The second part focused on the development of a measurement technique for the 
quantitative, non-invasive detection of viscosity in shake flasks. The measurement 
technique is based on detecting the position of the rotating bulk liquid as it changes with 
respect to the direction of centrifugal acceleration dependent on the viscosity. It is 
possible to correlate this offset in the liquid motion with the viscosity. For non-invasive 
detection of the liquid position, a fluorescence as well as a transmission measurement 
were developed. To convert the information about the liquid’s position in the shake flask 
into a viscosity signal, a calibration was established using model fluids of known 
viscosity. The developed 8-flask-device was validated by the cultivation of the bacteria 
Paenibacillus polymyxa and Xanthomonas campestris. The comparison of the online 
measurement technique with a conventional measurement on a rheometer showed that the 
viscosity can be measured with an accuracy of 3.11 mPa·s ± 0.6 mPa·s up to 120 mPa·s. 
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Kurzfassung 
Geschüttelte Kleinkultursysteme finden besondere Anwendung in der 
Bioprozessentwicklung und dem Hochdurchsatzscreening. Typische Kultivierungsgefäße 
sind dabei Mikrotiterplatten und Schüttelkolben, die aufgrund ihrer niedrigen Kosten und 
einfachen Handhabung die Durchführung zahlreicher paralleler Experimente erlauben. 
Der erste Teil der vorliegenden Arbeit behandelt die Charakterisierung von kommerziell 
erhältlichen Abdeckfolien für Mikrotiterplatten sowie die Berechnung des 
Leistungseintrags in Mikrotiterplatten basierend auf simultanen Temperatur- und 
Verdunstungsmessungen. Der zweite Teil beschäftigt sich mit der Entwicklung einer 
nicht-invasiven online Viskositätsmessung für Schüttelkolben.    
Sterile Arbeitsbedingungen sowie eine ausreichende Sauerstoffversorgung sind 
essentielle Voraussetzungen einer aeroben Kultivierung in Mikrotiterplatten. Zeitgleich 
muss aufgrund der geringen Füllvolumina, die standardmäßig verwendet werden, 
Verdunstung möglichst vermieden werden. Andernfalls kann es zu einer 
Aufkonzentrierung von Stoffen sowie einer Steigerung des osmotischen Drucks kommen. 
In der Praxis werden zur Reduktion der Verdunstung verschiedene kommerziell 
erhältliche Abdeckfolien verwendet. Die Eigenschaften dieser selbstklebenden Folien 
hinsichtlich Sauerstoff- und Wasserdampfpermeabilität sind aber meist nur unzureichend 
charakterisiert. Aus diesem Grund wurden 12 kommerziell erhältliche Abdeckfolien 
bezüglich ihrer Gasdurchlässigkeit untersucht. Ein besonderer Fokus dabei war, den 
Einfluss der Verdunstung auf die Temperatur der Flüssigkeit in den Vertiefungen zu 
überprüfen.  
  Kurzfassung 
 
Zur Bestimmung der Sauerstoffdurchlässigkeit wurde ein für Mikrotiterplatten 
angepasstes „Respiration Activity MOnitoring System“ (RAMOS) benutzt. Der 
Wasserverlust aufgrund von Verdunstung wurde gravimetrisch ermittelt. Die 
Verwendung des pH-sensitiven Farbstoffs Kresolrot in Kombination mit dem 
temperaturabhängigen TRIS Puffer ermöglichte eine photometrische Messung der 
Temperatur in jeder Vertiefung.  
Das Resultat der experimentellen Analysen zeigte, dass drei der untersuchten 
Abdeckfolien keinen Sauerstofftransport zulassen und damit für die aerobe Kultivierung 
ungeeignet sind. Hinsichtlich der Wasserdampfpermeabilität unterscheiden sich die 
restlichen Folien alle. Im Mittel lag der Wasserverlust bei 40 % des Anfangsvolumens 
nach 24 Stunden bei 37°C und 45 % Luftfeuchte. Dieser immense Flüssigkeitsverlust 
führte beruhend auf Verdunstungskühlung zu Differenzen von bis zu 3.8°C zur 
gewünschten Temperatur.  
Die Ergebnisse machen deutlich, dass keine der 12 Abdeckfolien den Anforderungen des 
Anwenders gerecht wird. Um dieses Optimierungspotential zu adressieren, wurde ein 
mathematisches Modell entwickelt. Mit Hilfe des Modells wurde verdeutlicht, dass die 
Verdunstungsrate im Gegensatz zur Sauerstoffversorgung linear abhängig von der 
Diffusionsfläche ist. Eine Verringerung der freien Diffusionsfläche kann die Verdunstung 
demzufolge reduzieren ohne dabei den Sauerstofftransport zu beeinflussen. Der daraus 
abgeleitete Lösungsvorschlag ermöglicht eine um 90 % reduzierte Verdunstung bei 
gleichbleibendem Sauerstofftransport.  
Basierend auf einer kombinierten Temperatur- und Verdunstungsmessung wurde mit 
Hilfe von Energiebilanzen der Leistungseintrag in 96-well Mikrotiterplatten für 
verschiedene Schüttelfrequenzen und Füllvolumina berechnet. Die ermittelten Werte 
entsprachen qualitativ den Erwartungen, waren aber quantitativ im Vergleich mit Werten 
aus der Literatur um den Faktor 10 zu hoch.  
Im zweiten Teil der Arbeit lag der Fokus auf der Entwicklung einer Messtechnik zur 
quantitativen, nicht-invasiven Erfassung der Viskosität in Schüttelkolben. Bei vielen 
Fermentationsprozessen kommt es im zeitlichen Verlauf zu einer Erhöhung der Viskosität 
Kurzfassung   
 
 
in der Kulturbrühe. Diese resultiert zum einen aus der Biomasseproduktion, z.B. bei 
mycelbildenden Bakterien und Pilzen, zum anderen aus der Ausscheidung von 
Biopolymeren seitens der Mikroorganismen. Die grundlegende Problematik von viskosen 
Fermentationsprozessen beruht auf der schlechten und unvollständigen Durchmischung 
der Kulturbrühe. Daraus ergeben sich zahlreiche physikalische und chemische 
Gradienten, die zu einer mangelnden Nährstoff- und Sauerstoffversorgung der 
Mikroorganismen führen. Bisher wird die Viskosität einer Kulturbrühe ausschließlich 
durch eine aufwändige manuelle Probenahme aus parallel mitlaufenden Schüttelkolben 
mit identischen Ansätzen bestimmt. Dazu müssen die Proben in einem herkömmlichen 
Rheometer vermessen werden, bei dem sie in direkten Kontakt mit dem Messgerät 
kommen und demnach eine aufwändige Reinigung nach jeder einzelnen Probe erfordern.  
Die kontinuierliche Überwachung der Viskosität im Schüttelkolben basiert auf dem 
physikalischen Phänomen, dass sich mit ansteigender Viskosität die Richtung, in die die 
rotierende Flüssigkeitssichel weist, relativ zur Zentrifugalkraft ändert. Dieser Versatz in 
der Flüssigkeitsbewegung kann dann mit der Viskosität korreliert werden. Zur nicht-
invasiven Detektion der Flüssigkeitsposition wurden zwei verschiedene optische 
Messsysteme entwickelt. Zu Beginn wurde mit einer Fluoreszenzmessung gearbeitet, bei 
der Flüssigkeit im Schüttelkolben mit einem Fluoreszenzfarbstoff versetzt wurde. 
Aufgrund einiger Rückschläge wurde die optische Methode jedoch in eine 
Transmissionsmessung geändert, bei der Lichtquelle und Detektor auf 
gegenüberliegenden Seiten des Kolbens angebracht sind.   
Um die Information über die Flüssigkeitsposition im geschüttelten Kolben in ein 
Viskositätssignal zu verwandeln, musste eine Kalibrierung erstellt werden. Mit Hilfe von 
Modellfluiden bekannter Viskosität wurde die Viskosität mit dem Versatz der rotierenden 
Flüssigkeit im Kolben korreliert. Die gewonnene Kalibrierfunktion ermöglicht die 
Umrechnung der Flüssigkeitsposition in Viskosität, sodass eine online Überwachung 
fermentativer Prozesse möglich ist.  
Die entwickelte Anlage, die eine parallele online Viskositätsmessung bei acht Kolben 
erlaubt, wurde durch die Kultivierung der Bakterien Paenibacillus polymyxa und 
Xanthomonas campestris validiert. Beide Organismen bilden Exopolysaccharide, die 
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aufgrund ihrer polymeren Struktur zu einem Viskositätsanstieg während der Kultivierung 
führen. Bei den Fermentationen wurde parallel zur online Überwachung in regelmäßigen 
Abständen Kulturbrühe an einem herkömmlichen Rheometer vermessen. Die 
Viskositätswerte der online und offline Messung lagen bis 120 mPa·s sehr gut 
übereinander, sodass die neue Messmethode erfolgreich validiert wurde. Damit existiert 
nun eine Möglichkeit, Viskosität online und nicht-invasiv im geschüttelten 
Erlenmeyerkolben mit einer Genauigkeit von 3.11 mPa·s ± 0.6 mPa·s zu messen und 
somit Bioprozesse schon im Kleinkulturmaßstab zu überwachen. 
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Abstract 
Shaken small scale systems are frequently used in bioprocess development and high-
throughput screening. Typical cultivation vessels are microtiter plates and shake flasks, 
which, due to their low cost and easy handling, allow numerous parallel experiments to be 
carried out at the same time. The first part of this dissertation deals with the 
characterization of commercially available sealing tapes for microtiter plates as well as 
the calculation of the power input in microtiter plates based on simultaneous temperature 
and evaporation measurements. The second part focuses on the development of a non-
invasive online viscosity measurement for shake flasks.  
Sterile working conditions and adequate oxygen supply are essential requirements for 
aerobic cultivation in microtiter plates. In addition, evaporation must be minimized due to 
the low filling volumes that are normally used. Otherwise, a concentration of substances 
and an increase in the osmotic pressure may occur. In practice, various commercially 
available sealing tapes are used to reduce evaporation. However, the properties of these 
self-adhesive tapes with regard to oxygen and water vapor permeability are usually 
insufficiently characterized. For this reason, the gas permeability of 12 commercially 
available sealing tapes was tested. Special attention was given to the influence of the 
evaporation on the liquid temperature in the well. 
A "Respiration Activity Monitoring System" (RAMOS) adapted for microtiter plates was 
used to examine the oxygen permeability. The water loss due to evaporation was 
determined gravimetrically. The use of the pH-sensitive dye cresol red in combination 
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with the temperature-dependent TRIS buffer allowed a photometric measurement of the 
temperature in each well. 
The results of the experimental analysis showed that three of the investigated sealing 
tapes do not permit oxygen transport and are therefore unsuitable for aerobic cultivation. 
With respect to water vapor permeability, the remaining sealing tapes exhibit vast 
differences. On average, the water loss was 40% of the initial volume after 24 hours at 
37°C and 45% humidity. This immense liquid loss led to differences of up to 3.8°C from 
to the desired temperature due to evaporative cooling. 
Accordingly, none of the 12 sealing tapes met the requirements of the user. To address 
this optimization potential, a mathematical model was developed. With the help of the 
model, it was shown that, contrary to oxygen supply, the evaporation rate is linearly 
dependent on the size of the diffusion area. A reduction of the diffusion area can therefore 
reduce evaporation without affecting oxygen transport. The resulting solution provides a 
90% reduction in evaporation, holding oxygen transport constant. 
Combining temperature and evaporation measurement, the power input in 96-well 
microtiter plates for different shaking frequencies and filling volumes was calculated 
using energy balances. Qualitatively, the measured values corresponded to the 
expectations, but quantitatively they exceeded the literature values by a factor of 10.  
The second part focused on the development of a measurement technique for the 
quantitative, non-invasive detection of viscosity in shake flasks. In many fermentation 
processes, the viscosity in the culture broth increases over time. On the one hand, this 
increase in viscosity results from biomass production, e.g. regarding bacteria and fungi 
with filamentous growth. On the other hand it stems from the secretion of biopolymers by 
microorganisms. The fundamental problem of viscous fermentation processes is the poor 
and incomplete mixing of the culture broth. This results in numerous physical and 
chemical gradients, which lead to a lack of nutrient and oxygen supply to the 
microorganisms. Hitherto, the viscosity of a culture broth is determined exclusively by 
means of elaborate manual sampling from parallel shake flasks with identical batches. For 
this purpose, the samples have to be measured in a conventional rheometer in which they 
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come into direct contact with the measuring device and therefore require tedious cleaning 
after each individual sample. 
Continuous monitoring of the viscosity in the shake flask is based on detecting the 
position of the rotating bulk liquid as it changes with respect to the direction of 
centrifugal acceleration dependent on the viscosity. It is possible to correlate this offset in 
the liquid motion with the viscosity. Two different optical measuring systems have been 
developed for the non-invasive detection of the liquid’s position. Initially, a fluorescence 
measurement was carried out in which a fluorescent dye was added to the liquid in the 
shake flask. However, due to some drawbacks, the optical method has been changed to a 
transmission measurement in which the light source and detector are mounted on opposite 
sides of the shake flask. 
To convert the information about the liquid’s position in the shake flask into a viscosity 
signal, a calibration had to be established. With the help of model fluids of known 
viscosity, the viscosity was correlated with the offset of the rotating bulk liquid in the 
flask. The obtained calibration function allows converting the liquid position into 
viscosity, such that an online monitoring of fermentative processes is possible.The 
developed system, which allows a parallel online viscosity measurement in eight shake 
flasks, was validated by the cultivation of the bacteria Paenibacillus polymyxa and 
Xanthomonas campestris. Both organisms produce exopolysaccharides, which, due to 
their polymeric structure, lead to a viscosity increase during cultivation. During the 
fermentation, in addition to the online monitoring, culture broth was measured offline at 
regular intervals on a conventional rheometer. The viscosity values of the online and 
offline measurements matched very well up to 120 mPa·s such that the new measuring 
method was successfully validated. Thus, the device developed in this research project 
provides the possibility to measure viscosity in shaken Erlenmeyer flasks using a non-
invasive, online method. With an accuracy of 3.11 mPa·s ± 0.6 mPa·s, this new device 
enables researchers to monitor the viscosity even in small-scale bioprocesses. 
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Nomenclature 
Abbreviations 
IR Infrared Spectrum 
LED Light emitting diode 
MTP Microtiter plate 
MTPs Microtiter plates 
NIR     Near infrared 
Pos.     Position 
PVP     Polyvinylpyrrolidone 
RAMOS    Respiration Activity MOnitoring System 
rpm     Rounds per minute 
RMSE    Root mean square error 
RMSEs    Root mean square errors 
S/s      Samples per second 
VI  Nomenclature 
 
SFD     Single flask device  
SPT     Sodium polytungstate 
UV     Ultraviolet Spectrum 
VIS     Visible Spectrum 
 
Roman Symbols 
Symbol Unit Explanation 
  [m2] (Diffusion) Area 
	 [m2] Area for power input in shaken MTP 

,  [mol /L] Dissolved oxygen concentration in the liquid 

   [mol/m3] Sodium sulphite concentration 

  [mol/m3] Concentration of component i 
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Chapter 1  
1Permeability of microtiter plate sealing tapes and 
power input in microtiter plates 
The first chapter of the dissertation deals with the characterization of microtiter plate 
sealing tapes with respect to their oxygen and water vapor permeability. Based on the 
experimental results, suggestions for improvements of microplate sealing tapes are made 
using a model approach. At the end of this chapter, power input calculations for 96-well 
microtiter plates are presented premised on the simultaneous performance of temperature 
and evaporation measurements.  
1.1 Introduction and Theory 
The following part of Chapter 1 introduces the theoretical background necessary to 
understand the selected methods of investigation. At the beginning, the focus is put on 
liquid evaporation in microtiter plates and the resulting problems. Thereafter, microtiter 
plates sealing tapes are described before on overview on oxygen transport and 
evaporation is given. The chapter concludes with an introduction on power input and the 
objectives and overview.  
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1.1.1 Liquid evaporation in microtiter plates 
In the last decade, the use of microtiter plates (MTPs) for small-scale cultivation [1–5], 
high throughput screening [6–8] and media or process optimization [9,10] has become 
common practice. However, major drawbacks such as liquid evaporation and cross-
contamination between adjacent wells are widely acknowledged [1,11–13]. High 
evaporation rates in comparison to shake flask or stirred tank reactors are caused by the 
typically applied small process volumes and the high surface to volume ratios [12,14]. 
Several approaches have been attempted to overcome this limitation. Commonly, a 
humidified incubation chamber or environment is used [7,15,16]. Nevertheless, 
condensation may cause problems and undesired fungal cultures can rapidly evolve under 
these favorable conditions. Szita et al. [7] and Boccazzi et al. [17] reported on water 
replacement after water loss in the wells of a specially developed microbioreactor. 
However, this measure requires highly automatized microbioreactors that are connected 
to a water reservoir via a channel and can thus not be applied for standard MTPs. Another 
common method to reduce evaporation is the use of any well-closure system such as lids 
or membranes. Duetz [18] and Fernandes et al. [13] mentioned the prevention of cross-
contamination between adjacent wells, sufficient gas-exchange between the headspace of 
the well and the environment as well as the reduction of evaporation as requirements for 
well-closure systems. Appropriate MTP lids are often sold together with the MTP itself in 
sterile packaging and are easy to handle. Wittmann et al. [19] stated that the evaporative 
loss when using a lid is negligible, but he found differences between the outer and inner 
wells. The phenomenon that corner wells and edge wells are rather prone to evaporation 
compared to inner wells is well described and is commonly referred to as the ‘edge effect’ 
in MTPs [20–22]. As a possible solution Girard et al. [23] documented that sterile water 
inserted into the interstices of the wells provokes evaporation of the water instead of the 
culture medium and thus ensures higher humidity in the direct environment. A 
commercial realization was accomplished by NUNC and Eppendorf. They provide 
specially designed MTPs for cell-based assays with a chimney design and a moat 
surrounding the peripheral wells so that either water or culture medium can be filled in 
the inter-well space. Thus, equal conditions and low well-to-well variations are achieved. 
However, those MTPs cannot be used for any cultivation processes demanding intense 
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shaking of the MTPs for mixing and oxygen supply as the liquid would spill over. Duetz 
et al. [1] described a special MTP lid made of a spongy silicone layer with venting holes 
1.5 mm in diameter above the center of the wells. The silicone layer is additionally 
covered with a rigid polypropylene plate that contains venting holes about 6 mm in 
diameter. He obtained extremely low evaporation rates of less than 10 µL/well/day at 
25°C in 96 deep-well MTPs, while achieving an oxygen transfer rate () of 
38 mmol/L/h. However, a special clamp ensuring a force of 500 N is needed to clamp the 
lid on the MTP. Besides hard plastic and inflexible lids, adhesive sealing tapes are 
commonly applied when working with MTPs [24–26]. 
 
1.1.2 Microtiter plate sealing tapes 
In 2003, Zimmermann et al. [27] published a rapid evaluation of eight sealing tapes 
comparing their oxygen and water vapor permeability to the ones from wound dressings. 
None of the sealing tapes minimized water evaporation and ensured high oxygen transfer 
at the same time. Just one of the investigated wound dressings showed a good 
compromise between water retention and oxygen permeability. However, the oxygen 
permeability of this wound dressing is too low for high oxygen demanding cultures. 
Today, only two of the eight sealing tapes tested by Zimmermann et al. [27] are still 
commercially available, whereas numerous new sealing tapes are on the market. 
Manufacturers only provide bare information about the gas permeability of the sealing 
tapes and if information is given, ambient conditions such as temperature and humidity 
are not specified. Despite the missing characterization of their performance with respect 
to evaporation reduction and sufficient oxygen supply for aerobic cultivations, those 
sealing tapes are widely used in everyday lab work.  
 
1.1.3 Oxygen transfer in microtiter plates  
One-dimensional, binary component diffusion is usually described by Fick’s first law of 
diffusion [28]: 
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  =   k
kg       /  (1.1) 
The diffusion coefficient  is the proportionality constant between the molar flux  and 
the driving concentration gradient  .  is the area over which the diffusion occurs. As 
for cotton shake flask plugs, the gas transport through sealing tapes is supposed to be only 
diffusive [29]. Abrupt changes in the respiratory activity of microorganisms would 
interfere with a constant diffusion gradient over time. As this fact is not prevalent, the 
diffusion is considered to be stationary. The oxygen transport through the sealing tape 	* can then be described based on Fick’s diffusion and in relation to the filling 
volume d" [30]:  	* =  	*,d" e,.*	 e,-	     /  (1.2) 
The mass transfer coefficient 	*, is defined as follows 	*, = ,  d).       /  (1.3) 
whereby , is the effective diffusion coefficient for oxygen in the sealing tape and  
the height of the sealing tape that can be compared to the diffusion distance kg in Fick’s 
law of diffusion. Wilke [31] stated that diffusion coefficients in multicomponent gaseous 
mixtures are dependent on the concentration of the components in the gas. However, due 
to the small height of sealing tapes, a differential calculation of the effective diffusion 
coefficient over height is not taken into account. The molecular volume d). is used to 
calculate the concentration 
 from the molar fractions outside e,.*	 and inside e,-	 the headspace. 
Equation 1.4 describes the oxygen transfer rate 4 from the gas phase in the 
headspace into the liquid phase [32]:  4 = "  67	 e,-	 e,     /  (1.4) 
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The 4 is dependent on the volumetric mass transfer coefficient ", the oxygen 
solubility , the ambient pressure 67	 and the difference between the molar fraction in 
the headspace e,-	 and in the liquid e,. The maximum oxygen transfer 
capacity )+ at the gas-liquid mass transfer area results when e, is zero and 
hence the concentration gradient achieves it maximum (Equation 1.5). )+ = "  67	 e,-	       /  (1.5) 
Rearranging Equation 1.2 to  e,-	 = e,.*	 	* d"	*,       [ ] (1.6) 
and inserting it into Equation 1.4  4 = "  67	 e,.*	 	* d"	*, e,      /  (1.7) 
the  can be described as a function of both transfer resistances under a steady state 
assumption (	*=4):  = "  67	 (e,.*	 e,)1 + "  67	 d"	*,       /  (1.8) 
 
 
 
1.1.4 Fundamental equations for the description of evaporation 
Evaporation is mainly influenced by the prevalent temperature and humidity in the 
environment [33]. The ambient humidity is often given as relative humidity  which 
describes the quotient of water vapor partial pressure 6 and saturation vapor pressure 6	, at a defined temperature.  
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  = 100 66	,       [%] (1.9) 
To estimate the temperature dependency of 6	,, the following empirical equation is 
valid in the temperature  range of 20-38°C (raw data for fit see: [34]): 6	, = 0.06 # 1.04  + 20.631000       [¦=] (1.10) 
The composition of air is strongly influenced by the humidity. When determining the 
composition of air at a certain humidity, first the mole fraction of water vapor in air e 
needs to be calculated with Equation 1.11 e =  e	,100       [ ] (1.11) 
whereas e	, is given by e	, = 6	,67	       [ ] (1.12) 
With increasing water vapor content, the mole fractions of oxygen along with the other 
components of air are reduced by the same factor: e = e,f 1 e     [ ] (1.13) 
The water loss by evaporation  through the sealing tape is determined by the partial 
pressure gradient and the mass transfer coefficient 	*, and is specified by Equation 
1.14:   = 	*, 6,-	 6,.*	67	        /  (1.14) 
Similar to 	*,(Equation 1.3), the mass transfer coefficient 	*, is defined as: 	*, = ,  d).       /  (1.15) 
 
1.1.5 Power input in microtiter plates 
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The power input is defined as the power necessary to maintain the motion of the liquid 
[35]. While in stirred tank reactors the stirrer transfers the power to the liquid, in orbital 
shaken reactors the power is transferred to the liquid via the interfacial area between the 
rotating liquid and the reactor wall [36]. Being related to important process parameters 
such as mixing, oxygen transfer and hydrodynamic stress, the power input is a significant 
parameter in the characterization of bioreactors. Especially for upscaling small scale 
processes the knowledge of the power input is crucial to ensure consistency and 
reproducibility [37].  
The Newton number 12 relates the resistance force to the inertia force [38] and is used as 
dimensionless number to describe the power input 5 in stirred tank reactors (Equation 
1.16):  12 = 50§` (1.16) 
 describes the density while 0 refers to the shaking frequency and  to the stirrer 
diameter. Clark and Vermeulen [39] introduced a modified Newton number 12) 
(Equation 1.17) to describe the power input of geometric dissimilar agitators by 
considering the height 	 of the stirrer.  12) = 50§$ 	 (1.17) 
In order to describe the power input for non-agitated systems such as shake flasks, Büchs 
et al. [40] further adapted the Newton number 123 using the filling volume d" as length 
scale for the friction area (Equation 1.18) while  describes the maximal inner shake flask 
diameter. 123 = 50§$d"l§ (1.18) 
Several empirical equations were developed to express the Newton number Ne3 as 
function of the Reynolds number (Equation 1.19) for orbital shaken vessels such as 
cylinders or shake flasks.  
8 Introduction and Theory Chapter 1 
 
Based on the results of 1115 experiments, Büchs et al. [40] introduced an empirical 
equation (Equation 1.20) that enables the user to calculate the power input in shake flasks.  123 = 702ªl + 252ª.( + 1.52ª.# (1.20) 
Kato et al. [41] established a simplified form of Equation 1.20 to correlate the modified 
Newton number with the Reynolds number for cylindrical vessels (Equation 1.21). 123 = 2002ª.` (1.21) 
While the equations of Kato was limited to a narrow range of experimental data, 
Klöckner et al. [35] presented a scale-independent and volume-independent correlation 
(Equation 1.22) for the Newton number  in cylindrical shaken reactors.  123 = 92ª.l­ · 0# ·   .$# · ®d"§¯.$$ ® ¯.$# (1.22) 
However, until today, no empirical equation exists which describes the Newton number 
as a function of the Reynolds number in microtiter plates. Few works aimed at 
characterizing the power input in MTPs for a limited number of conditions. Barrett et al. 
[4] and Zhang et al. [42] used simulations of computational fluid dynamics to determine 
the power input in 24-lowwell MTPs with round geometry and 96-deepwell MTPs with 
square geometry. Dürauer et al. [43] addressed the issue by performing calorimetric 
measurements for six and 96-lowwell MTPs. Within this work, a method based on the 
combination of temperature and evaporation measurements is presented to calculate the 
power input in MTPs.  
 
 
1.1.6 Empirical equations for °±²  
In order to model the oxygen transport in MTPs, empirical equations for " were 
established dependent on the filling volume per well d",%, the shaking frequency 0 and 
2 = 0#t,,  (1.19) 
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the shaking diameter . Equation 1.23 was fitted to the data of Giese et al. [50] for 24-
well MTPs. This fit is valid for filling volumes of 250-1000 µL/well, shaking frequencies 
of 150-350 rpm and a constant shaking diameter of 50 mm: ",#$ % = 20.29 d",%ª.­$ 0l.#§       1 (1.23) 
To establish a " equation valid for 48-well MTPs, the data of Kensy et al. [49] was 
fitted and Equation 1.24 was obtained:  ",$& % = 4.39 10ª$ d",%ª.(& 0#.§` .'`       1 (1.24) 
The fit is valid for filling volumes of 300-600 µL/well, shaking frequencies of 100-1000 
rpm and shaking diameters of 2-50 mm.  
The following " equation was fitted to data from Hermann et al. [46] who worked with 
96-well MTPs. This equation can be used for filling volumes of 140-200 µL/well, shaking 
frequencies of 300-1000 rpm and shaking diameters of 3-25 mm: ",'( % = 7.63 10ª( d",%ª.§$ 0#.$§ l.'       1 (1.25) 
 
 
1.1.7 Objectives and Overview 
The application of MTPs as minibioreactors for high-throughput screening has become a 
popular method in bioprocess development. However, evaporation still represents a 
substantial challenge when working on the microscale level. Providing identical physical 
conditions to each culture is a crucial aspect to prevent wrong conclusions during 
screening procedures and scale-up. Hence, the proper selection of a MTP sealing tape is 
essential to ensure minimal evaporation but sufficient oxygen supply for aerobic 
cultivation. Despite these high requirements, commercially available MTP sealing tapes 
are hardly characterized, though.  
The first part of Chapter 1 is based on my master’s thesis [44]. The characterization of the 
MTP sealing tapes was started at that time, but it was not finalized within the timeframe 
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of the thesis. Data taken from the master’s thesis are marked in the caption of the 
corresponding Figures (Figure 1-3, Figure 1-7). In a first step, 12 currently available, gas-
permeable sealing tapes sold for cell culture and microbial cultivation are examined with 
respect to their water vapor and oxygen permeability. Awareness of the influence of bad 
performing sealing tapes on cultivation parameters such as temperature is raised. Thus, 
the reader will be able to properly select a sealing tape best suited for his or her needs. In 
a second step, a model is established that describes the water vapor and oxygen transport 
through a sealing tape. As a result, a method is presented for characterization of 
prospective sealing tapes on the one hand, and a solution is provided for manufacturers 
how to easily improve the performance of sealing tapes on the other hand (section 1.3.1). 
The second part of Chapter 1 starts with investigations on the filling volume dependent 
evaporation in 96-well MTPs. Thereafter, a method is introduced to calculate the power 
input in MTPs based on simultaneous evaporation and temperature measurement. Power 
input values are determined in 96-well MTPs at a shaking diameter of 3 mm for varying 
shaking frequencies and filling volumes (section 1.3.2). 
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1.2 Material and Methods 
1.2.1 Sealing tapes  
Table 1-1 specifies the 12 here examined sealing tapes. All sealing tapes are delivered 
pre-sterilized, except those of HJ-Bioanalytik. 
Table 1-1: List of investigated sealing tapes 
a) The letters A, B, C are chosen to distinguish between sealing tapes from the same company. 
b) Photos and photomicrographs of these sealing tapes are presented in Figure 1-1. 
Manufacturer Sealing tape name Product No. Suitable for Material Sterile 
4titude (A) a) Gas Perm. Moisture Barrier Seal 4ti-0516/96 96-well MTPs unknown Yes 
4titude (B)a)b) Gas Permeable Adhesive Seal 4ti-0515/St All MTPs Polyolefin Yes 
Corning 
Corning® microplate sealing 
tape CLS3345 All MTPs Rayon Yes 
Diversified Biotech b) Breathe-Easy™ Adhesive Seal Z380059 All MTPs Polyurethane Yes 
Exel Scientific AeraSeal™ film A9224 All MTPs Rayon Yes 
Greiner Bio-One BREATHseal™ 676051 All MTPs Rayon Yes 
HJ-Bioanalytik (A) a) b) Polyolefin-Adhesive Seal 900371-T All MTPs Polyolefin No 
HJ-Bioanalytik (B) a) Non-woven sealing tape 900391 All MTPs Rayon No 
m2p-labs Gas-permeable sealing foil F-GP-10 All MTPs Rayon Yes 
Thermo Scientific (A) a) Adhesive Seal 236366 All MTPs Polyester Yes 
Thermo Scientific (B) a) 
b) Adhesive Seal 241205 All MTPs Rayon Yes 
Thermo Scientific (C) a) Gas Permeable Adhesive Seals AB-0718 All MTPs Rayon Yes 
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1.2.2 Colorimetric temperature measurement  
For liquid temperature measurement in MTPs an optical assay using  the absorbance dye 
cresol red was adapted from Schilling et al. [45] as described in detail by Grosch et al. 
[22]. 10 mg/mL cresol red (Carl Roth GmbH, Karlsruhe, Germany) was dissolved in 
ethanol (Carl Roth GmbH, Karlsruhe, Germany) and diluted to 20 µg/mL with 100 mM 
tris(hydroxymethyl)-aminomethane buffer (TRIS) (Sigma-Aldrich GmbH, Steinheim, 
Germany) (pH 7.5 at 37°C). For calibration, 3 mL of this solution was filled into a 1 cm 
light-path quartz cuvette (Type 100-OS, Hellma Analytics, Müllheim, Germany) and 
absorbance was measured at wavelengths of 438 nm, 573 nm and 680 nm in a 
spectrophotometer with a water bath heated cuvette holder (Cary 50 UV/Vis, Varian 
Australia Pty Ltd., Mulgrave, Australia) at varying temperatures from 20°C to 45°C at 
intervals of 5°C. Temperature of the sample was controlled by a calibrated digital 
thermometer (P700, Dostmann electronic GmbH, Wertheim, Germany). Each temperature 
point was measured three times. With increasing temperature, the absorbance at 438 nm 
($§& -)) increases, while it decreases at 573 nm (`­§ -)). The measured values at both 
wavelengths were baseline-corrected with a measurement at 680 nm ((& -)). The 
logarithm of the signal function S (Equation 1.26) can be correlated linearly with the 
temperature.  O = `­§ -) (& -)$§& -) (& -)       [ ] (1.26) 
 
1.2.3 Evaporation measurement 
All evaporation experiments were performed in a temperature-controlled room at 
37°C±1°C on a lab shaker (LS-X, Adolf Kühner AG, Birsfelden, Switzerland) at a 
shaking diameter of  = 3 mm. Filling volumes and shaking frequencies are specified in 
the corresponding sections or diagrams. Humidity was kept constant (±5%) by means of a 
humidifier (Venta Airwasher LW-44 Plus, Venta-Luftwäscher GmbH, Weingarten, 
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Germany) that enables different humidity values for the room. The actual humidity of the 
room is provided in the corresponding diagrams. Temperature and humidity were 
monitored by a data logger from Extech Instruments (Model RH520 V4.0, Extech 
Instruments Corporation, Nashua (NH), USA).  
For combined evaporation and temperature measurements, 96-well MTPs (9293.1, F-
profile, Carl Roth GmbH, Karlsruhe, Germany) were filled with cresol red solution 
(20 μg/mL cresol red, 100 mM TRIS, pH 7.5 at 37°C) and sealed with one of the 
investigated sealing tapes. Each sealing tape was tested twice. In the case of power input 
measurement, Thermo Scientific (C) was used as permeable sealing tape while Carl Roth 
EN77.1 was used as non-permeable sealing tape. Liquid loss due to evaporation was 
determined gravimetrically by weighing the MTP on a laboratory balance (SBC 52, 
Scaltech International LLC, Houston, USA) after 0, 4 and 8 h. Temperature was 
measured spectrophotometrically (A438 nm, A573 nm, A680 nm, Equation 1.26) after 8 h in a 
MTP reader (Synergy 4, BioTek Instruments GmbH, Bad Friedrichshall, Germany) 
positioned in the temperature-controlled room. The mean temperature of a single MTP 
was calculated from all 96-wells. As a reference for the Extech temperature logger, an 
unshaken 96-well MTP also filled with 200 µL/well cresol red solution was positioned 
beside the lab shaker. This MTP was sealed with a gas impermeable sealing tape 
(EN77.1, Carl Roth GmbH, Karlsruhe, Germany) to prevent evaporation. 
The experimental determination of 	*, of the gas permeable sealing tape F-GPR48-10 
(m2p-labs GmbH, Baesweiler, Germany) was performed with 315µL/well deionized 
water in three 48-well MTPs (Cellstar 677102, greiner bio-one GmbH, Kremsmünster, 
Austria). Liquid loss due to evaporation was determined gravimetrically after 0, 6, 12 and 
24 h.  
Experiments at varying relative humidity in the temperature-controlled room were 
conducted with either 200 µL/well deionized water or 200 µL/well oversaturated sodium 
bromide solution (Fluka, Taufkirchen (München), Germany) as duplicates in 96-well 
MTPs (9293.1, F-profile, Carl Roth GmbH, Karlsruhe, Germany). Liquid loss due to 
evaporation was determined gravimetrically after 0, 4, 8 and 24 h.  
14 Material and Methods Chapter 1 
 
 
1.2.4 Sodium sulfite system 
Oxygen permeability of the sealing tapes was determined by use of the sodium sulfite 
system as a chemical oxygen consuming system, as already described by Hermann et al. 
[46] and Maier and Büchs [32]. Either 1 M sodium sulfite (Merck KGaA, Darmstadt, 
Germany) was solubilized in 100 mM phosphate buffer (Na2HPO4 (VWR International, 
Darmstadt, Germany), NaH2PO4 x 2 H2O (Carl Roth GmbH, Karlsruhe, Germany)) or 0.5 
M sodium sulfite was solubilized in 12 mM phosphate buffer. In both cases, 10-7 M 
CoSO4 (Fluka, Taufkirchen, Germany) was added as a catalyst. The pH was adjusted with 
30% sulfuric acid (Carl Roth GmbH, Karlsruhe, Germany) to 8.0. Hermann et al. [46] 
demonstrated that conversion of sulfite to sulfate is not fast enough to deplete the 
dissolved oxygen concentration in the liquid completely. He determined the reaction rate 
constant ) to be 2385 1/h and the reaction order for oxygen / to be 1. With the help of 
Equation 1.27 the dissolved oxygen concentration 
, can then be calculated.  
, = ³)´µ       /  (1.27) 
 
1.2.5 ¶·¸ measurement in the MicroRAMOS 
Oxygen transfer rates () were measured online over the entire MTP with the 
RAMOS technology [47,48] adapted for MTPs [49,50]. Experiments with sodium sulfite 
in phosphate buffer were conducted as triplicates. Due to the constant conversion of 
sodium sulfite to sodium sulfate, a constant  is achieved. The signal drops down, 
when the sodium sulfite is exhausted completely. The mean  was calculated for each 
MTP from all data points prior to the signal drop down (Figure A- 1 A). Two sets of 
parameters were used: First, 96-well MTPs (9293.1, Carl Roth GmbH, Karlsruhe, 
Germany) were shaken at 0 = 1000 rpm,  = 3 mm,  = 37°C with a filling volume of d" = 200 µL/well of 1 M sodium sulfite in 100 mM phosphate buffer. Second, 24-well 
MTPs (Costar® 3524, Corning Life Science Inc, Corning, New York, USA) were shaken 
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at 0 = 350 rpm,  = 50 mm,  = 22.5°C, d" = 500 µL/well of 0.5 M sodium sulfite in 
12 mM phosphate buffer.  
 
1.2.6 ¹¶· measurement in the Biolector® and calculation of the 
corresponding ¶·¸  
For the experimental determination of 	*,  a 48-round deepwell MTP with optodes 
(MTP-R48-BOH, m2p-labs GmbH, Baesweiler, Germany) was filled with d" = 600 
µL/well of 0.5 M sodium sulfite in 12 mM phosphate buffer and shaken at 0 = 1500 rpm,  = 3mm,  = 22.5°C in a Biolector® (m2p-labs GmbH, Baesweiler, Germany). Half of 
the MTP was left open, while the other half was sealed with a gas permeable sealing tape 
(F-GPR48-10, m2p-labs GmbH, Baesweiler, Germany). The dissolved oxygen tension 
() was measured online via fluorescence measurement [51]. The corresponding  
was calculated from the time at which the  reached a value of 50% ]^_,`% and the 
molar concentration of sodium sulfite 
, taking into account the stoichiometric 
coefficients and  (Equation 1.28) (schematically in Figure A- 1 B). A detailed 
description of the method can be found in Hermann et al. [46].   = 
 ]^_,`%        /  (1.28) 
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1.3 Results and Discussion 
1.3.1 Permeability of MTP sealing tapes 
Introduction of sealing tapes regarding material and pore size 
The focus of this study was to investigate gas-permeable, self-adhesive sealing tapes 
commercially sold for microbial cultivation (Table 1-1). Among some transparent 
polymers, non-woven rayon is the most common material. Its non-homogeneous structure 
with pores up to 100 µm is shown in the photomicrograph (Figure 1-1 A). In contrast, the 
sealing tapes 4titude (B) and HJ-Bioanalytik (A) are made of Polyolefin and contain 
defined perforations with a diameter of 300 µm and cuts of 1000 µm in length, 
respectively (Figure 1-1 B and C). Considering these extreme pore sizes of 100 µm to 
1000 µm in comparison to the average size of bacterial cells in the range of 0.2 to 2.0 µm 
[52], these sealing tapes cannot function as trustworthy sterile barriers against 
microorganisms in the ambient air. To ensure 100% sterile working conditions, MTPs 
should be operated in laminar flow chambers when using the above mentioned sealing 
tapes. However, experience shows that the majority of contaminations are caused by 
direct contact of the liquid medium to non-sterile equipment and not by airborne 
microorganisms. One possible explanation for this is that there is no convective mass flux 
through the sealing tape due to the enclosed volume below the sealing tapes. The sealing 
tape from Diversified Biotech appears non-porous as depicted by the photomicrograph 
(Figure 1-1 D). The same result was found for the two sealing tapes 4titude (A) and 
Thermo Scientific (A).  
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Figure 1-1: Photos (left) and corresponding photomicrographs (100 x, right) of selected sealing tapes 
A Thermo Scientific (C) B 4titude (A) C HJ-Bioanalytik (A) D Diversified Biotech  
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Evaporation through MTP sealing tapes and influence on liquid 
temperature 
To characterize the water vapor permeability of each sealing tape, the liquid loss of 
shaken MTPs was determined gravimetrically after 8 h (Figure 1-2 A) at an ambient 
temperature of 35.7°C and a relative humidity of 45%. Significant differences between 
the individual sealing tapes were observed. Two sealing tapes, 4titude (A) and Thermo 
Scientific (A), reduced the evaporation most strongly so that liquid loss was hardly 
detectable after 8 h. Most sealing tapes permitted a loss of 5% to 18% of the initial filling 
volume within the first 8 h. The sealing tape 4titude (B) showed the highest water vapor 
permeability losing up to 25% of the liquid in the wells due to evaporation within 8 h. As 
reference to sealed MTPs, the liquid loss of an unsealed MTP was also determined. About 
45% of the initial filling volume was lost after 8 h. Hence, the liquid loss due to 
evaporation is successfully reduced by sealing tapes. However, the average liquid loss 
varied strongly depending on the chosen sealing tape. Considering the low liquid volume 
in MTPs, evaporation has a tremendous impact on the cultivation. It causes an increase in 
concentration and osmotic pressure [5] and leads to errors of online biomass or product 
signals [53]. Besides these well-known negative effects, a not yet widely recognized 
effect in MTPs is the influence of evaporation enthalpy on the liquid temperature in the 
wells. Grosch et al. [22] presented the impact of  temperature deviations caused by 
evaporation on the measurement of enzyme activities in MTPs and emphasized the non-
reliable results caused by these insufficient methods. To assess the liquid temperature in 
the wells an optical thermometer was used applying the absorbance dye cresol red. The 
red bars depict the mean temperature after 8 h (Figure 1-2 A). The highest temperature 
obtained in MTPs covered with sealing tapes was 35.1°C, the lowest 31.9°C. 
Remarkably, the measured liquid temperature in the MTPs covered with the different 
sealing tapes did not reach in any case the desired cultivation temperature in the room of 
about 35.7°C but was always lower. In the open MTP, the liquid temperature only 
reached 28.9°C. In general, the temperature decreased with increasing liquid loss. To 
emphasize this trend, the liquid temperature is plotted as function of the evaporation rate 
(Figure 1-2 B). A clear linear correlation between temperature and evaporation is 
obtained, highlighting the strong influence of evaporative cooling on the sample 
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temperature. Thus, the higher the evaporative loss through highly permeable sealing 
tapes, the lower the resulting liquid temperature in the well and the higher the discrepancy 
from the desired cultivation temperature.  
 
Figure 1-2: A Comparison of liquid loss and temperature after 8 h for all examined sealing tapes. 
B Temperature as a function of liquid loss. 
96-well MTPs, 0 = 1000 rpm,  = 3 mm,  = 35.7°C, d" = 200 µL/well, 20 µg/mL cresol red in 
100 mM TRIS buffer, 45% relative humidity. Scratched bars (A) show results for open, non-covered 
MTPs. 
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Oxygen permeability of MTP sealing tapes 
The oxygen permeability of the investigated sealing tapes was determined with the help 
of the chemical oxygen consuming sodium sulfite system in a MicroRAMOS. Two 
different experimental set-ups were chosen to analyze the performance of the sealing 
tapes for low and high oxygen demand. Shaking parameters (0, , d") and process 
conditions (ionic strength of the sulfite system and temperature) were chosen accordingly 
(Figure 1-3). As a reference, the maximum oxygen transfer capacities )+ achieved 
with unsealed MTPs are given. Figure 1-3 A shows the results for systems with low 
oxygen demand ()+ = 6.5 mmol/L/h). The tested sealing tapes can be categorized in 
oxygen limiting and non-limiting conditions: 4titude (A), Thermo Scientific (A) and 
Diversified Biotech drastically reduced )+ allowing only an oxygen transfer of 0-1 
mmol/L/h. Barrett et al. [4] confirms the result for the Diversified Biotech sealing tape as 
he found 2.25 times lower " values when covering MTPs with this sealing tape. Those 
sealing tapes did not appear porous under the microscope and, hence, the dense material 
significantly limits the gas transport. The other three sealing tapes HJ-Bioanalytik (A), 
Excel Scientific and Thermo Scientific (B) did not show any impact on the )+ at 
this level. Figure 1-3 B depicts the results for systems with higher oxygen demand 
()+ = 32.1 mmol/L/h). All sealing tapes that did not reduce )+ in the first 
experimental set-up were tested with this second experimental set-up. As Figure 1-3 B 
illustrates, only the two sealing tapes Corning and HJ-Bioanalytik (B) showed a slight 
decrease in )+. All of the other sealing tapes did not impair the oxygen transfer 
beyond standard deviation. Thus, 7 out of the 12 investigated sealing tapes ensured 
oxygen supply up to an )+ of 32.1 mmol/L/h. Even at higher )+ values these 
7 sealing tapes did not reveal any limitation of )+ (data not shown). As long as the )+ of sealed and unsealed MTPs is equal, the oxygen transfer is only a function of 
the kLa  and the gas-liquid mass transfer is the rate limiting step. 
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Figure 1-3: Comparison of maximum oxygen transfer capacity ¶·¸º²» for all examined sealing tapes 
A 96-well MTPs, 0 = 1000 rpm,  = 3 mm,  = 37°C, d" = 200 µL/well, 1 M sodium 
sulphite in 100 mM phosphate buffer B 24-well MTPs Costar 3524,  0 = 350 rpm,  = 50 
mm,  = 22.5°C,  d" =  500 µL/well, 0.5 M sodium sulphite in 12 mM phosphate buffer. 
Dotted lines represent the )+ for open, non-covered MTPs as reference. Parts of the 
data are taken from the master’s thesis. [44] 
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Model approach to improve MTP sealing tapes 
From a user’s perspective, sealing tapes should reduce evaporation to a minimum without 
limiting the oxygen transfer to meet the requirements for aerobic biological cultivation. It 
was shown that 3 of the 12 tested sealing tapes led to a drastical reduction of )+ 
indicating that they are not appropriate for aerobic cultivations. The other sealing tapes 
did not impair )+ up to values of 32.1 mmol/L/h. However, the measured liquid 
loss due to evaporation ranged from 7% to 25% after 8 h for these sealing tapes. 
Considering a usual cultivation time of 24 h, between 20% and 75% of the initial filling 
volume would be evaporated. With short cultivation times and cultivation temperatures 
lower than 25°C, some of the investigated sealing tapes might be suitable for the user. 
Nevertheless, the given experimental results clearly demonstrate that the currently 
available sealing tapes do not meet the user’s demand for long-term cultivations or 
cultivations at temperatures ranging from 25-37°C or higher. In the following, a model 
approach will indicate how an optimum between evaporation reduction and sufficient 
oxygen supply can easily be achieved.  
To model the transport of water vapor through the sealing tape with Equation 1.14, the 
knowledge of 	*,, 6,-	, 6,.*	 and 67	 is necessary. 67	 is equivalent to 
the ambient pressure and 6,.*	 can be calculated from the relative humidity 
(Equation 1.9). 	*, and 6,-	 have to be determined experimentally, though. 
Fick’s first law of diffusion (Equation 1.1) states that diffusion occurs as long as the 
driving concentration gradient is not balanced. Since diffusion of water vapor occurs from 
the headspace of MTPs to the environment, 6,-	 has to be larger than 6,.*	. 
Increasing 6,.*	 until the evaporation equals zero, results in 6,-	 being the 
same value as 6,.*	. This theoretical approach was realized to determine 6,-	experimentally. For that purpose, the evaporation rate of deionized water was 
examined at varying ambient relative humidity (Figure 1-4). With increasing relative 
humidity, the evaporation rate decreases due to the diminishing concentration gradient 
between the headspace of the wells and the ambient air. Therefore, a linear correlation 
can be established between the liquid loss and the relative humidity. The extrapolation of 
this linear fit illustrates that the evaporation rate equals zero when the relative humidity 
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reaches almost 100%, indicating that 6,-	 being the same value as 6,.*	. It 
can, therefore, be concluded that the headspace is saturated with water vapour. To prove 
this approach, the evaporation rate of a saturated sodium bromide solution was also 
examined at varying ambient relative humidity (Figure 1-4). Saturated salt solutions 
provide a defined relative humidity and can, hence, be used for humidity control [54]. 
The evaporation rate of the sodium bromide solution decreases up to a relative humidity 
of about 58.04%, where the x-axis is intersected and the evaporative loss equals zero. 
Thereafter, the direction of diffusion changes and water vapor diffuses through the 
sealing tape into the headspace of the MTP, which is indicated by the negative 
evaporation rates. The experimentally determined relative humidity of 58.04% in the 
MTP’s headspace corresponds well with the value of 54.55% (at 35°C) reported by 
Greenspan [54]. Thus, it is proven that 6,-	 was determined successfully by the 
experiment described above. For modelling, 6,-	 is now known as it equals the 
saturation vapour pressure. With the knowledge of 6,-	, 6,.*	 and 67	, and 
by measuring the liquid loss , 	*, can finally be calculated. Thus, all parameters 
required for modelling the transport of water vapor through the sealing tape are now 
known. 
 
Figure 1-4: Liquid loss of deionized water and sodium bromide in dependence on the ambient relative 
humidity 
96-well MTPs, 0 = 1000 rpm,   = 3 mm,  = 37°C, d" = 200 µL/well, sealing tape Thermo 
Scientific (C). Greenspan [54] obtained a relative humidity of 54.55% for saturated sodium 
bromide solutions at 35°C.  
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To model the oxygen transfer, only those sealing tapes are of interest that did not reduce 
the )+, since they guarantee a sufficient oxygen supply for aerobic cultures. 
However, the oxygen mass transfer coefficient 	*,of those sealing tapes could not be 
determined experimentally with the sodium sulfite system. In all experiments, the gas-
liquid mass transfer was always the rate limiting step instead of the oxygen transport 
through the sealing tape. To overcome this issue, a special sealing tape only suitable for 
48-well MTPs was chosen for further investigation. This specific sealing tape is a 
sandwich membrane consisting of a gas permeable bottom layer made from non-woven 
rayon with a gas impermeable polypropylene layer on top. The polypropylene layer 
features round venting holes over each well with a diameter of 2 mm instead of the open 
well diameter dwell,48 which is 11.98 mm (Table A- 1). Thus, the total area available for 
diffusion is reduced to 1.51 cm2 in comparison to the usually available area of about 54.1 
cm2. Besides this reduction of the diffusion area, extreme shaking conditions of 0 = 
1500 rpm at  = 3 mm were chosen to increase the " and make the diffusion through 
the membrane the rate limiting step. The  signals for unsealed and sealed wells are 
depicted in Figure 1-5. After 1.59 h the  signal for the unsealed wells rose, indicating 
the total conversion of the sodium sulfite to sulfate. In comparison, the  signal for the 
wells covered by the sealing tape only rose after 2.34 h. The corresponding s were 
calculated from both  signals (Equation 1.28). While the unsealed wells achieved a 
value of 156.9 mmol/L/h, the sealed wells achieved a lower  of about 106.7 
mmol/L/h indicating the oxygen transfer through the sealing tape was the rate limiting 
step. Hence, 	*,,+,)-* could be calculated as 2.72 10-7 mol/s (Equation 1.8). The 
corresponding " value was determined from the measured  of the open wells 
(Equation 1.4) and the solubility was calculated on the basis of Weisenberger and 
Schumpe [55]. The oxygen concentration in the liquid was calculated with Equation 1.27 
and converted into molar fractions by dividing by  and 67	.  
To check for 	*,,+,)-* being in the right order of magnitude, the diffusion 
coefficients of water vapor , and oxygen , in the air were compared 
(schematically represented in Figure A- 2). The ratio of , / , is 1.22 at 37°C 
[56] (Table A- 1). As the material of the sealing tape is not selective to oxygen or water 
vapor and the average pore size is much larger than the molecules’ diameter, free 
26 Results and Discussion Chapter 1 
 
diffusion is assumed. Accordingly, the ratio of the effective diffusion coefficients , / , is supposed to be the same as in the air. Since ,  and d). are 
constant for a specific sealing tape, 	*, can then be determined from 	*,by dividing 
by 1.22. The obtained value of 2.81 10-7 mol/s for 	*,,*. corresponds excellently with 
the above mentioned measured value of 2.72 10-7 mol/s for 	*,,+,)-* and proves 
the right order of magnitude for 	*,.  
 
Figure 1-5: Comparison of dissolved oxygen tension ¹¶· signal over time for MTPs with and 
without sealing tapes 
48 deepwell round MTP with optodes, 0 = 1500 rpm,  = 3 mm,  = 22.5°C, d" = 600 
µL/well, 0.5 M sodium sulfite in 12 mM phosphate buffer, sealing tape m2p labs F-GPR48-
10  
 
The successful experimental determination of 6,-	, 	*, and 	*, enables the 
modelling of the oxygen and water vapor transport through a sealing tape (equations 1.8 
and 1.14). As the height of the used sealing tape is not known, ,/ and ,/ 
are calculated from 	*, and 	*,, respectively (equations 1.3 and 1.15). The 
specification of all other parameters is listed in Table A- 1. Figure 1-6 A, B and C show 
the results of the mathematical model for 24-, 48- and 96-well MTPs. The  is plotted 
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as a function of 	*, for different " values, while the evaporation rate is depicted 
depending on 	*,. The top x-axis refers to both the  as well as the evaporation 
rate and represents the diffusion area. By summing up the surfaces of all individual wells, 
the maximal possible diffusion area of the entire MTP is obtained. 	*, and 	*, are 
linearly dependent on the diffusion area (equations 1.3 and 1.15) and, therefore, reach 
higher values at higher diffusion areas. Thus, by reducing the available diffusion area in 
the model, the mass transfer coefficients of oxygen and water vapor through the sealing 
tape decrease and provoke changes in the  and evaporation rate. However, while the 
evaporation rate decreases linearly with decreasing diffusion area and 	*,, the  
stays constant up to very low diffusion areas. In the range in which the OTR stays at an 
almost constant level, the oxygen transfer is exclusively controlled by the mass transfer 
from gas to liquid. The oxygen diffusion through the sealing tape is not the rate limiting 
step, although the area available for diffusion is continuously reduced. Only with 
diffusion areas lower than approximately 2 cm2, the molar flux of oxygen through the 
sealing tape is lower than the molar flux at the gas liquid mass transfer. The black squares 
indicate at which reduced diffusion area the difference of the   compared to the  
of an open MTP without sealing tapes (¼) reaches 5%, whereas the black triangles 
point out a difference of 10%. It is obvious that at higher " values the difference in  of 5% or 10% is already reached at larger diffusion areas than at lower " values. 
Therefore, the limiting diameter per well, resulting from the limiting area at a ¼ 
( compared to the maximal ) of 5%, is plotted as function of the " for 24-, 48-
, and 96-well MTPs in Figure 1-6 D, E and F. For all types of MTPs the limiting diameter 
increases with increasing " value. Since a higher " value implies a higher gas-liquid 
mass transfer, the corresponding molar flux through the sealing has to be increased as 
well. 
However, the " is not the only influencing parameter of the limiting diameter. As also 
shown in Figure 1-6 D, E and F, at a constant " value but an increasing filling volume 
per well the limiting diameter also increases. This is due to the increasing absolute 
oxygen transfer ( d") at higher filling volumes. Higher filling volumes provide a 
higher drain for O2. This leads to a decrease of oxygen partial pressure in the headspace 
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which then provokes larger oxygen diffusion through the sealing tape. Hence, at higher 
filling volumes a bigger diffusion area is necessary to keep the  ¼ at 5% 
For a 48-well MTP and a " value of 204 1/h the evaporation can be reduced by 97.5% 
while the corresponding  is only affected by 5% (Figure 1-6 B). This shows that the 
reduction of the diffusion area is one possible approach to solve the problem of high 
evaporation without affecting the necessary O2 supply for aerobic cultivations. Likewise, 
the given model mathematically explains why the above mentioned special MTP lid 
developed by Duetz et al. [1] reduces the evaporation to less than 10 µL/well/day at 25°C 
in 96 deep-well MTPs. Due to the venting holes of 1.5 mm in diameter the oxygen 
consumption of the microbial culture was not limited by the lid. Running and Bansal [57] 
performed  studies with 24-, 48-, and 96-well MTPs using customized lids with 
venting holes of 4.5 mm in diameter. They found that the  was not limited by the size 
of the holes. However, the use of lids with holes of 2.5 mm in diameter led to a decrease 
in OTR of 8% in 24-well MTPs with a filling volume of 1.4 mL/well. Furthermore, the 
company m2p-labs (Baesweiler, Germany) offers two sealing tapes with reduced 
diffusion area suitable for 48-well MTPs. F-GPR48-10 features venting holes of 2 mm in 
diameter whereas the venting holes in the sealing tape F-PRS48-10 have a diameter of 3 
mm. The black cross in Figure 1-6 B marks the evaporative loss experimentally 
determined (own measurement) with the sealing tape F-GPR48-10 and confirms the 
expected low value due to the reduced diffusion area. By modelling the gas transport in 
sealed MTPs it was demonstrated that an improvement of MTP sealing tapes is possible 
by altering 	*, and 	*,. The reduction of the available diffusion area leads to a 
strong decrease of liquid loss whereas the oxygen transfer is not affected. Thus, a 
theoretical basis for the optimization of sealing tapes is offered. 
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Figure 1-6: Model of the water vapour and oxygen transport through sealing tapes  
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A, D 24-well MTPs B, E 48-well MTPs C, F 96-well MTPs. Filled black squares represent a 
difference of 5% in the  compared to the open MTP without sealing tape, filled black triangles a 
difference of 10% in the  (A, B, C).  The black cross (B) marks the values obtained for the m2p-
labs sealing tape F-GPR48-10. The limiting diameter per well is depicted for a difference of 5% in  (D, E, F). Detailed information on the modelling data is given in Table A- 1: Model 
parameters for the gas transport for MTP sealing tapesTable A- 1. 
 
1.3.2 Power input into microtiter plates  
In the previous section the impact of different MTP sealing tapes on the oxygen supply as 
well as the liquid loss and the consequential temperature in the wells were investigated. In 
this section, the influence of the filling volume per well on the evaporation rate is further 
investigated. Additionally, these results are taken into account for calculating the power 
input in MTPs.  
 
Filling volume dependent evaporation 
Earlier studies [44] revealed that in MTPs the liquid loss caused by evaporation is 
dependent on the filling volume per well (Figure 1-7). Using the same sealing tape for all 
experiments, MTPs with a high filling volume per well showed a higher liquid loss than 
those with a low filling volume per well. Sumino and Akiyama [58] reported the same 
phenomenon with respect to shake flasks, however, they did not clarify the cause.  
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Figure 1-7: Filling volume dependent evaporation rate in a 96-well MTP 0 = 1000 rpm,  = 3 mm,  = 35.7°C, deionized water, 44% relative humidity, sealing tape 
Thermo Scientific (C). The data of this diagram have already been created during the master’s 
thesis [44] and only serve for visualization of the observed phenomenon. Error bars represent 
the standard deviation from triplicates.  
It was assumed that different temperatures of the liquid in the wells could be a possible 
reason for this finding. In the first instance, the prevalent temperature in the wells is 
dependent on the ambient temperature. Further influences are cooling by evaporation 
enthalpy as shown in the previous section and possible warming due to power input by 
shaking. To investigate these different influences on the temperature of the liquid in the 
well more closely, the following experimental set-ups were chosen: 
1) Non-shaken MTPs with a non-permeable sealing tape: the temperature of the 
liquid corresponds to the ambient temperature.  
2) Non-shaken MTPs with a permeable sealing tape: Due to evaporative cooling, the 
temperature of the liquid is expected to be lower than the ambient temperature.  
3) Shaken MTPs with a non-permeable sealing tape: Due to power input by shaking 
the temperature of the liquid is expected to be higher than the ambient 
temperature. 
4) Shaken MTPs with a permeable sealing tape: This case reflects the application of 
MTPs in aerobic cultivation processes. Due to the overlaying effects of power 
input and evaporative cooling, a prediction of the resulting temperature is not 
possible.  
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The experiments were performed for filling volumes of 50, 100, 150, and 200 μL/well in 
96-well MTP. Within one MTP, the filling volumes were initially uniform. While the 
temperature of the liquid was assessed with the aforementioned absorbance dye cresol 
red, the liquid loss was evaluated by weighing the MTP on a lab balance. Figure 1-8 
shows the temperature and liquid loss after eight hours for the different filling volumes 
and set-ups.  
Proper temperature measurements for a volume of 50 µL/well were limited, since 
photometric measurement is not reliable for such low filling volumes in 96-well MTPs. 
However, for volumes between 100 and 200 μL/well the staggering of the temperature 
was found to be as described above: The room temperature was specified by the non-
shaken MTPs with non-permeable sealing tapes to be 31.2°C on average (Figure 1-8 A). 
The liquid in shaken MTPs with non-permeable sealing tapes exhibited higher 
temperatures than the room temperature due to power input by shaking. Both shaken and 
non-shaken MTPs sealed with non-permeable sealing tapes possessed a liquid loss of 0-
1 µL/well on average, although they were claimed to be gas-impermeable. In contrast, 
non-shaken MTPs with permeable sealing tapes had a liquid loss of about 18 µL/well and 
showed a lower temperature than the ambient temperature due to the evaporative cooling. 
Since the evaporation area was identical to the cross sectional area of the wells and 
independent from the filling volume per well, nearly the same liquid loss resulted for all 
filling volumes (Figure 1-8 B). Likewise, the resulting temperature of the liquid was as 
well identical for all non-shaken MTPs with permeable sealing tapes except for a volume 
of 50 µL/well as mentioned before.  
Chapter 1 Results and Discussion 33 
 
 
 
Figure 1-8: Temperature and liquid loss after 8 hours for different filling volumes in a 96-well MTP 0 = 1000 rpm,  = 3 mm,  = 31.2°C, 20 µg/mL cresol red in 100 mM TRIS buffer, 42% 
relative humidity. Permeable sealing tape: Thermo Scientific (C), non-permeable sealing tape: 
Carl Roth EN 77.1 The terms “shaken” / “non-shaken” in the legend indicate, whether the 
MTP was shaken or not. The terms “permeable” / “non-permeable” refer to the permeability 
of the sealing tape. 
A Temperature B Liquid loss 
Regarding shaken MTPs with permeable sealing tapes, again a filling volume dependent 
liquid loss was observed: The higher the filling volume per well, the higher the 
evaporation (Figure 1-8 B). Accordingly, the liquid temperature in the wells was found to 
be higher with higher filling volumes (Figure 1-8 A). This increase in temperature finally 
explained the measured filling volume dependent evaporation rates. Both power input and 
evaporative cooling affected this temperature. The increase of temperature with 
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increasing filling volume was supposed to be caused by the increasing absolute power 
input. For the conditions specified here, the liquid temperature in shaken MTPs with a 
permeable sealing tape is located between room temperature and the liquid temperature of 
shaken MTPs with non-permeable sealing tapes. However, since this value depends on 
the cultivation temperature, the power input and the evaporation, it can also be located 
elsewhere for other cultivation and shaking conditions. 
 
Calculation of power input based on combined temperature and 
evaporation measurements 
From the results of the combined temperature and evaporation measurements, the power 
input in MTPs can be calculated by setting up the corresponding heat transfer balances. 
With respect to shaken (s) MTPs covered with non-permeable (np) sealing tapes the 
energy (power) input by shaking 8	;<-4 equals the energy transport 8*-	,.*,	,-, to 
the environment (Equation 1.29).  8	;<-4 = 8*-	,.*,	,-, (1.29) 
8*-	,.*,	,-, is defined as product of the heat transfer coefficient b, the area 	 and the 
temperature difference between liquid temperature and ambient temperature (Equation 
1.30).  8*-	,.*,	,-, = b · 	 · (	,-, ..)) (1.30) 
Regarding shaken MTPs with permeable (p) sealing tapes, an additional term for energy 
loss due to evaporation, 8:,.*.-,	,,, has to be considered in the heat balance 
(Equation 1.31):  8	;<-4 = 8*-	,.*,	,, 8:,.*.-,	,, (1.31) 
The energy loss due to evaporative cooling is defined as the product of the evaportion 
enthalpy m, _nopp and the evaporation rate per well:   8:,.*.-,	,, = m, _nopp · 2c6=]½0 =]2% (1.32) 
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In accordance with Equation 1.30, 8*-	,.*,	,, is described by Equation 1.33 with the 
corresponding temperature difference.  8*-	,.*,	,, = b · 	 · (	,, ..)) (1.33) 
Red marked parameters indicate unknown variables whereas green marked parameters 
indicate known variables. If b · 	 is considered as one variable, the number of variables 
can be reduced to solve the equation system. Thereby the opportunity is provided to 
calculate the power input 8	;<-4  in MTPs. Figure 1-9 presents the obtained data not 
only for different filling volumes but also for varying shaking frequencies. 
 
Figure 1-9: Specific power input in 96-well MTPs for different filling volumes and shaking 
frequencies 
The determination is based on combined temperature and evaporation measurement as 
described in section 1.2.3.  = 3 mm  
As already described for shake flasks [40], the results for MTP confirmed that the specific 
power input increases with increasing shaking frequency. However, the increase in 
specific power input from 800 rpm to 1000 rpm was significantly higher than the increase 
from 600 rpm to 700 rpm or from 500 rpm to 600 rpm. A possible reason could not be 
clarified. The observed increase in specific power input with decreasing filling volume 
per well was also in accordance for the reported results of shake flasks [40].  
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While the qualitative behavior of the specific power input confirmed the expectations, it 
was difficult to estimate whether the determined values were also quantitatively in the 
right order of magnitude. Therefore, empirical equations (Equation 1.20-1.22) that had 
been established for the calculation of the modified Newton number 123 in shake flasks 
and vessels were applied for MTPs. Figure 1-10shows the comparison of the 
experimentally determined and calculated specific power input values. The experimental 
results for 1000 rpm were not further considered, as they have been identified as outliers 
before. Overall, the calculated power input values also showed an increase with 
increasing shaking frequency and decreasing filling volume. However, the calculated 
values were significantly lower than the measured power input values. Comparing the 
experimental values to the values obtained by the use of Kato’s equation, the power input 
diverged by a factor of about 4, whereas the equations of Klöckner and Büchs yielded a 
factor of about 8 as difference. Nevertheless, the results of Klöckner and Büchs do match 
very well, although they do not meet the experimental results.  
 
Figure 1-10: Comparison of experimentally determined and calculated specific power input values 
For experimental data, the determination of the power input is based on combined 
temperature and evaporation measurement as described in section 1.2.3. 96-well MTPs,  = 
3 mm. Regarding the calculated power input values, see equations 1.20-1.22. 
A possible explanation for the discrepancies might be, on the one hand, that the 
experimentally determined power input values are actually incorrect. On the other hand, 
the correlations for the modified Newton numbers all require geometric similarity and are 
only valid within the parameter range they were established to. A comparison with the 
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few published data regarding power input in MTPs reveals that the values mentioned 
there actually meet the results from Büchs and Klöckner. Dürauer et al [43] use a 
calorimetric measurement and obtained power input values of 40-140 W/m3 for 96-well 
MTPs and 200 µL filling volume at a shaking diameter of 3 mm. These results refer to 
Reynolds numbers of 320 to 640, which are correspondent to shaking frequencies of 400-
800 rpm assuming a well diameter of 0.7 cm. Using the equation of Büchs, power input 
values of 30-171 W/m3 are obtained for identical conditions, while the equation of 
Klöckner even fits better with results of 34 to 138 W/m3. With the help of computational 
fluid dynamic simulations Zhang et al. [42] reported on power input values for 96-
deepwell MTPs with square geometry. At shaking frequencies from 500 -1000 rpm and a 
shaking diameter of 3 mm they obtained values of 500 -1000 W/m3 without specifying 
the volume, though. The higher values can be explained by the square geometry acting as 
baffles and leading to more turbulence in the flow.  
In consequence, the experimental power input values determined within this work are 
supposed to be erroneous as they are in the wrong order of magnitude. One possible 
source of error in the experimental set-up might be the fact that this was an endpoint 
measurement, which is to say a snapshot. A continuous measurement over time could 
give a deeper insight into the change in temperature during the shaking process and is 
considered a future alternative. 
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1.4 Summary and Outlook 
This study reveals that commercial MTP sealing tapes can be divided into two groups, 
namely the ones with low evaporation and insufficient oxygen supply and the ones with 
high evaporation and sufficient oxygen supply, as already described by Zimmermann et 
al. [27]. The sealing tapes that did not show any holes under the light microscope strongly 
reduced evaporation. However, these sealing tapes were also gas-impermeable to oxygen 
and, consequently, not suitable for aerobic cultivation. Sealing tapes allowing comparable 
oxygen supply to unsealed MTPs showed high water vapor permeability at the same time. 
Furthermore, it was demonstrated that these high evaporation rates have tremendous 
effect on the temperature of the low liquid volume in the wells. Differences up to 3.8°C 
between the desired cultivation temperature and the liquid’s temperature were detected.  
Overall, the majority of the tested sealing tapes were inappropriate with respect to 
maintaining sterility, limiting water evaporation or providing sufficient oxygen supply. 
By modelling the gas transport in sealed MTPs it was demonstrated that an improvement 
of MTP sealing tapes is possible by altering 	*, and 	*,. Although the presented 
absolute values refer to a special sealing tape, the underlying physical principles are 
universal and the model can also be applied for other sealing tapes. To improve 	*, or 	*,, respectively, either the effective diffusion coefficient, the diffusion area or the 
height of the sealing tape can be changed. Effective diffusion coefficients are dependent 
on both, the material and the porosity. Since the water molecule has got the smaller 
kinetic diameter, water always diffuses faster than oxygen in non-selective sealing tape 
materials. Alternatively, an increase in height of the sealing tape also changes 	*, and 	*,, as a larger diffusion distance would slow down the diffusive flux. This study 
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focused on changes in the diffusion area as it is an easy parameter to be adjusted in 
prospective production processes. It was successfully shown that a drastic reduction of 
the diffusion area leads to an extreme decrease in evaporation while a sufficient oxygen 
supply is still guaranteed.  
This present work points out that there is substantial need for action to improve sealing 
tapes and, thus, cultivation processes in MTPs. Both oxygen limitation and temperature 
deviation caused by excessive evaporation were shown to be the negative effects of 
inappropriate sealing tapes. For the first time, relevant parameters such as 6,-	, 	*, and 	*, were determined to establish a model for the oxygen and water vapor 
transport. Thus, a theoretical basis for the optimization of sealing tapes is offered. 
In the second part of this chapter, the reason for filling volume dependent evaporation 
rates was further investigated. It was successfully shown that increasing evaporation rates 
with increasing filling volume per well were caused by temperature differences of the 
liquid in the wells. Due to elevated absolute power input at higher filling volumes, the 
liquid temperature was higher in the wells with more filling volume. 
By performing combined temperature and evaporation measurements a method was 
introduced to calculate the power input in MTPs. For varying shaking frequencies and 
filling volumes power input values were determined in 96-well MTPs at a shaking 
diameter of 3 mm. The experimentally obtained values behaved qualitatively as expected: 
with increasing shaking frequencies and decreasing filling volumes per well the specific 
power input increased. However, a comparison with mathematically determined power 
input values based on empirical equations for shake flasks and cylindrical vessels 
revealed high discrepancies. The experimentally determined values diverged by a factor 
of about 10 from the calculated values. This fact was confirmed by power input values 
from the literature. Thereby it was concluded that the experimental set-up might not be 
adequate to address a reliable power input measurement. 
Regarding the power input measurements in the second part of this chapter, the 
experimental values behaved qualitatively as expected, but were quantitatively in the 
wrong order of magnitude. One possible source of error might be the experimental set-up: 
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the spectrophotometric measurement was performed as endpoint analysis after eight hours 
and took 30 minutes for 12 MTPs. In future, online monitoring by using the Biolector® 
technique is recommendable to avoid temperature deviations due to the long measuring 
period. In addition, temperature changes over time can also be monitored by means of a 
continuous measuring signal. Therefore, a suitable fluorescent dye will be needed, either 
as solute or as sensor spot. With a reliable power input measurement in MTPs it would be 
possible to create an empirical equation for the Newton number as a function of the 
Reynolds number. Using a model, it would then be possible to predict the resulting 
temperature in the well if evaporation rate and power input are known. If necessary, the 
room temperature could be adjusted to achieve the optimal temperature desired for 
cultivation.
 
  
Chapter 2 Introduction and Theory 43 
 
 
Chapter 2  
2Online monitoring of viscosity in shake flasks  
This chapter of the dissertation deals with the development of an online monitoring 
system for viscosity in shake flasks. Two different optical methods are established to 
record the liquid distribution in the rotated shake flask at varying viscosities. By using 
model fluids and a conventional rheometer, a calibration function can be determined to 
convert the information about the liquid’s position into actual viscosity values. The 
chapter concludes with the validation of the new measuring technique and an error 
analysis. 
2.1 Introduction and Theory 
In the following section, the theoretical background of the methods and procedures 
chosen in this work is provided. First, the definition of viscosity is depicted and ways to 
measure viscosity are outlined. Thereafter, an overview of viscosity in bioprocesses is 
given and the resulting effects in shaken small scale cultures are discussed. Necessary 
formulas for describing dimensionless key figures as well as rheological parameters are 
explained. In particular, the influence of viscosity on the liquid distribution in shake flask 
is focused on, as it is the underlying physical principle of the measuring technique 
developed in this work. In addition, information on light and optics are given since optical 
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measuring techniques were realized. Finally, the section “Objectives and overview” gives 
an insight into the motivation and shows the structure of this chapter. 
 
2.1.1 Viscosity: Definition and measurement 
Viscosity is a material property that describes the flow resistance caused by the internal 
friction of a fluid [59]. In order to mathematically approach the flow behavior, the 
necessary rheological parameters are defined using the so-called two-plates model (Figure 
2-1 A) [59–61]. The fluid is located between two parallel plates, of which the lower one is 
fixed while the upper one can move. The following two conditions must be fulfilled for 
the calculation of the parameters: 1) The fluid adheres to both plates and does not slip 
away. 2) Laminar flow conditions prevail without vortices meaning that the fluid can be 
divided into infinitesimally thin layers (Figure 2-1 B). The shear stress  is the quotient of 
the force  required to move the upper area  parallel to the lower one (Equation 2.1).   =  (2.1) 
 
Figure 2-1: A Two-plates model for shear tests with the shear area ¾,  shear height ¿, shear force  À 
and flow velocity Á to calculate the shear stress and the shear rate. B Laminar flow 
conditions with constant shear rate.  
Both images are taken from Mezger [59]. 
The shear rate j describes the change of velocity c over the change of height   
(Equation 2.2). In a laminar, ideally viscous flow the velocity c decreases linearly in the 
shear gap resulting in a constant c. Assuming that the infinitesimally thin layers are all 
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equally thick also   is constant. Therefore, the shear rate in the shear gap is constant 
under these conditions.  j = c  (2.2) 
For ideally viscous fluids, or also called Newtonian fluids, the dynamic viscosity t is a 
temperature dependent material constant. These fluids show a linear correlation (Equation 
2.3) between the shear rate and the shear stress with t being the proportionality constant 
(Figure 2-2). Air and water belong to this category of fluids as well as mineral and 
silicone oils.   
While t is constant function of the shear rate for Newtonian fluids, the viscosity of non-
Newtonian fluids changes with changes in j. For shear thinning fluids, the viscosity 
decreases with increasing shear rate. In contrast, the viscosity increases with increasing 
shear rate for shear thickening fluids (Figure 2-2). In order to specify that the viscosity for 
these fluids is not constant but depends on the shear rate, the viscosity is referred to as 
apparent viscosity. The corresponding shear rate is designated as effective shear rate. 
Typical fluids depicting shear thinning behavior are coatings, glues, shampoos and 
polymer solutions. As examples for shear thickening fluids ceramic suspensions, corn 
starch dispersions or dental fillings can be mentioned [62]. 
 
Figure 2-2: Comparison of flow curves and viscosity curves for ideally viscous (1), shear thinning (2) 
and shear thickening (3) flow behavior.  
A Flow curves B Viscosity curves. Both images are taken from Mezger [59]. 
t · j =  ⇔ t = j (2.3) 
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The kinematic viscosity  describes the ratio of the dynamic viscosity t to the density  
(Equation 2.4).   = t (2.4) 
Rheometric measurements to characterize rheological behavior have been performed for 
years and are highly relevant in the fields of food [63–66], pharmaceutical [67–71] and 
cosmetics [72–74] industry as well as in technical chemistry [75–77] and production 
engineering [78]. For decades, numerous devices have been developed to determine the 
viscous, viscoelastic and elastic properties of fluids and solids. Among these, there are 
simple test methods as well as advanced measurement systems with user-friendly 
software.[59,79] Most of these macroscale rheometers can be classified into two 
categories: pressure driven viscometers and drag flow viscometers [78]. Typical pressure 
driven viscometers are flow cups, falling sphere viscometers and glass capillary 
viscometers. In all three cases, flow is induced by gravitational force and the resulting 
weight and density dependent measurement can only be performed for Newtonian fluids 
of low viscosity [65]. In the case of falling sphere viscometers, transparency of the 
sample is additionally required, if not special variants based on induction or 
electromagnetic fields are used [80,81]. Spindles in turn are drag flow measuring systems 
that are immersed into the sample and rotated at a defined speed to measure the resulting 
torque. They appear with different geometries such as cylinders, disks, pins and T-bars 
and are often used in the quality assurance [82–84]. Another drag flow measuring system 
are mixer type rheometers. Using different types of stirrers as rotating element, they are a 
traditional instrument of process viscometry. As they are particularly suitable for the 
viscosity determination of dispersions with large particles (sand in building materials, 
fruit pieces in jam) [85,86], they are usually applied in the fields of building materials and 
food.  
In addition to the distinction in pressure driven and drag flow viscometers, viscometers 
are also subdivided into relative and absolute measuring systems. Absolute measuring 
systems have standardized geometries and defined shear conditions due to a relatively 
narrow shearing gap, while relative measuring systems do not comply with the conditions 
of the two-plates model [59]. The calculation of rheological parameters such as shear 
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stress, shear rate or viscosity is not recommended when working with relative measuring 
systems. Instead, the raw data such as torque or speed are suggested to be used. All 
previously mentioned viscometers belong to the category of relative measuring systems. 
Absolute measuring systems include rotation and oscillation rheometers that use 
concentric cylinders, parallel disks or cone-plate measuring systems to determine the flow 
behavior of Newtonian and non-Newtonian fluids. Concentric cylinders consist of a 
measuring cup and a bob with a narrow gap in between. Depending on which part rotates, 
they are distinguished between Couette type (outer part rotates) and Searly type (inner 
part rotates) [79]. Typically, concentric cylinders are used for low-viscous or particulate 
systems and require a high cleaning effort [87]. Parallel disks are also suitable for 
particulate systems. They consist of a fixed and a rotating plate with an adjustable gap 
between them and can be applied to highly viscous systems [59]. Instead of a rotating 
plate, cone-plate systems use a truncated cone as rotating element resulting in a conical 
gap and uniform shearing of the sample. Basically, cone-plate systems are appropriate for 
all types of fluids. However, they are limited with regard to particulate systems with large 
particle size [59]. In comparison to simple test methods, highly advanced rotation and 
oscillation rheometers are more expensive and more sensitive as they contain special 
components. Despite being widely adopted, true sample radius [79,88], hydrodynamic 
instabilities [89,90], low torque limit [91,92] and wall slip behavior [93] are common 
problems impairing the accuracy of these measuring methods. 
 
2.1.2 Viscosity in shaken small scale cultures  
Viscosity in bioprocesses 
In many biotechnological processes, an increase in viscosity occurs during cultivation as 
a consequence of filamentous growth morphology or biopolymer formation. The problem 
of filamentous growth arises primarily with fungi, for example during the cultivation of 
Penicillium chrysogenum for the production of antibiotics [94,95] or in citric acid 
production with Aspergillus niger [96,97]. Also with respect to sustainability and biofuel 
production, viscous fungal fermentations gain more and more importance [98]. Bacterial 
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fermentations with unicellular morphology can also result in high viscosity if 
biopolymers are produced. Besides bacterial exopolysaccharide production such as the 
formation of xanthan by Xanthomonas campestris [99] or the production of alginate by 
Azotobacter vinelandii [100], also plant fermentations have been reported to result in 
enhanced viscosity due to the secretion of polymers [101,102]. The combination of 
filamentous growth with simultaneous polymer formation is also known: While 
possessing a filamentous morphology, the fungi Aureobasidium pullulans and 
Schizophyllum commune additionally produce the polymers pullulan and schizophyllan, 
respectively [103,104]. Enhanced broth viscosity in biological cultivations strongly 
influences the mixing performance [105] as well as gas/liquid mass and heat transfer 
[106–108] based on a reduction of substrate diffusivity [109]. As a result, a lack of 
oxygen and nutrient supply leads to metabolic changes in the organisms reducing both 
cell growth and productivity [94,97,109]. Hence, a deep understanding of the culture 
rheology is an important prerequisite to select an appropriate process design that helps to 
overcome the limitations of viscous fermentations [94,102,110].  
 
Shake flasks as culture vessels 
Being easy to handle, inexpensive and well-characterized [40,111–114], Erlenmeyer 
flasks - also called shake flask - are standard cultivation vessels used in life science. In 
biotechnology, shake flasks are applied as screening tool for optimal strain selection, 
culture media improvement and process parameter selection [115]. They are available in 
different sizes (25-5000 mL) and geometries (narrow neck / wide neck) as well as in 
different materials (glass / plastic). Modifications such as baffles [116] or stainless steel 
spring coils [117] additionally increase the variety of shake flasks. The power input 5 in 
shake flasks per unit volume is a crucial parameter for upscaling small scale processes to 
fermenters to ensure consistency and reproducibility (see also section 1.1.5). Büchs et al. 
[40] investigated the power input in shake flask for a broad range of shake flask sizes, 
shaking frequencies, filling volumes, shaking diameters, surface qualities and viscosities. 
Based on the Reynolds number 2 (Equation 2.5) and the results of 1115 experiments, 
they developed an empirical equation (Equation 2.6) to describe the power input in shake 
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flasks, expressed by the modified Newton number 123 (Equation 2.7). Since the power 
input increases significantly with increasing viscosity, the viscosity is one of the most 
important factors to calculate the power input when upscaling processes.  
 123 = 702ªl + 252ª.( + 1.52ª.# (2.6) 
 123 = 50§$dl§ (2.7) 
As a result from the filamentous growth or polymer production, fermentation broths 
usually show a shear-thinning flow behavior [107,118]. Due to structural reorganization 
of molecules their apparent viscosity decreases with increasing shear rate. The flow 
behavior of shear-thinning fluids can be described by the Ostwald-de-Wale law [119], 
where   represents the fluid’s consistency factor and / the flow behavior index.  t,, =  · j()ªl) (2.8) 
In order to determine the apparent viscosity of biological process samples, it is therefore 
necessary to know the corresponding effective shear rate j in the cultivation process. 
Giese et al. [120] established an equation to calculate the effective shear rate in shake 
flasks in dependence on the process conditions. They reported that the shear rate depends 
on the fluid properties   and / as well as on the shake flask diameter  and the power 
input 5.  
j =  l)Ãl d"l/§   +)Ãl ® 5d"  1 ¯
l)Ãl
 (2.9) 
 
2 = 0#t,,  (2.5) 
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Liquid distribution in shake flasks as function of viscosity  
Shake flasks are agitated in biological cultivation processes to ensure sufficient mixing 
and hence oxygen and nutrient supply. The translational movement of the shake flask on 
a circular path causes a rotation of the bulk liquid due to its inertia. Simultaneously, a thin 
liquid film adheres on the inner shake flask wall [114,121,122]. At waterlike viscosities, 
the bulk liquid rotates in phase with the shaker’s movement, its center of mass pointing 
into the direction of centrifugal acceleration (Figure 2-3 A, H). With increasing viscosity 
(Figure 2-3 B-F) the hydrodynamics in the sample vessel change due to the elevated 
friction force between the liquid and the glass wall of the sample vessel. As a result, the 
bulk liquid rotates phase-shifted with respect to the direction of centrifugal acceleration. 
Additionally, the liquid film adhering on the sample vessel wall increases in depth [122] 
while a part of the bulk liquid remains on the bottom of the sample vessel (Figure 2-3 B-
F). High viscosities can lead to a complete collapse of the liquid movement and the 
system turns “out-of-phase”.[111] The out-of-phase phenomenon leads to unfavorable 
operating conditions, since the specific power consumption as well as gas/liquid mass 
transfer are dramatically reduced. The critical viscosity describes the viscosity from 
which on the out-of-phase condition occurs. It depends essentially on the shaking 
conditions. Büchs et. al [111] introduced the so-called phase number 5  (Equation 2.1 
and 2.11) to distinguish between in-phase (5  > 1.26) and out-of-phase (5  < 1.26) 
operating conditions and to determine this critical viscosity. However, since this number 
is based on an empirical equation, it is less an absolute limit than rather a guidance. 
5 =  · (1 + 3 · logl(2)) (2.10) 
 
2 = 2 · Ä2 · 1 Å1 4Ä · Æd"l§ Ç#
#
 (2.11) 
  
Chapter 2 Introduction and Theory 51 
 
 
 
Figure 2-3: A-F Liquid distribution in a rotating shake flask at increasing viscosities.  
Polyvinylpyrrolidon solutions (PVP) of different concentrations, VK = 250 mL, VL = 30 mL, 
n = 150 rpm, d0 = 50 mm, T = 25°C. All photographs are taken in the direction of the 
centrifugal acceleration. G Superimposition of the photographs A-F to visualize the 
increasing offset of the bulk liquid in relation to the direction of the centrifugal acceleration 
for increasing viscosities. H Schematic top view on a rotating shake flask with liquid. θ 
indicates the angle between the zero point and the leading edge of the rotating bulk liquid. 
The shake flask is operated counter clockwise.  
Figure 2-3 G depicts the overlap of Figure 1 A-F to visualize the shift of the rotating bulk 
liquid with increasing viscosity. The position of the leading edge of the bulk liquid can be 
directly correlated to the viscosity of the liquid and forms the basis of the measuring 
device described in this work. Since the leading edge of the bulk liquid has a distinct 
geometric shape it can be detected easily and is taken as a reference point for the 
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detection of the liquid’s position. The angle between the zero point and the leading edge 
of the rotating bulk liquid is referred to as leading edge angle θ (Figure 2-3 H).  
Although baffled shake flasks have been recommended for cultivations with elevated 
viscosity [116], they were neglected within this work. This decision is based on the 
undefined flow pattern in baffled shake flasks as well as on the reported low 
reproducibility [123,124] and the higher probability of out-of-phase operating conditions 
[108].  
 
2.1.3 Light and optics 
Light is electromagnetic radiation that is either visible or invisible for the human eye. The 
visible part of the electromagnetic spectrum is referred to as VIS and includes all 
wavelengths between 380 and 780 nm [125,126]. The visible spectral range is enclosed 
by the ultraviolet (UV) light with wavelengths ranging from 10 to 380 nm and the 
infrared light (IR) with wavelengths from 780 to 1,000,000 nm. The beginning of the 
infrared light is denoted as near infrared (NIR) and includes wavelength between 780 and 
1400 nm [127]. Light is suitable for transmitting information and is therefore used as a 
signal in measurement. Optical measuring systems are often applied to gain information 
about biological systems non-invasively and without time-consuming offline sampling 
[128].  
 
Absorption, transmission and reflection 
When electromagnetic radiation hits an interface, it can be reflected, absorbed or 
transmitted if the material is transparent [129] (Figure 2-4). Usually, all three processes 
take place in parallel, unless the radiation is monochromatic. The absorption capacity of 
the material is expressed by the absorption coefficient i which is the ratio between the 
absorbed radiation 89 and the incident radiation 8. i = 898  (2.12) 
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While the absorbed amount of light is converted into heat, the non-absorbed portion of 
the incident radiation can be either reflected or transmitted depending on the material 
characteristics. The reflection coefficient = describes the ratio between the reflected 
radiation 8 and the incident radiation 8.  = = 88  (2.13) 
In contrast, transmission defines the amount of light that passes through the interface. The 
transmittance  represents the ratio of transmitted 8È to incident radiation 8.   = 8È8  (2.14) 
Between the three variables i, = and  the following relationship exists: i + = +  = 1 (2.15) 
 
 
Figure 2-4: Propagation of light 
 
Refraction and diffraction 
Refraction
Absorption
Transparent material
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Refraction refers to the change in velocity and direction when light waves are transmitted 
at an interface [130] (Figure 2-4). Changing from a medium with a lower refractive index 0l to a medium with a higher refractive index 0#, light waves are refracted towards the 
normal to the interface, otherwise it is reverse. If either both media obtain the same 
refractive index or the light waves hit the interface at an angle of 90°, no refraction takes 
place. Snell's law describes the relationship between the angle of incidence kl and the 
angle of refraction k# for a light wave at known refractive indices of both media. 0l sin kl = 0# sin k# (2.16) 
Diffraction describes the deflection of waves at an obstacle or an edge and depends on the 
size ratio between wavelength and obstacle [130]. Deflection is hardly noticeable if the 
opening is larger than the wavelength. However, if the opening is about the size of the 
wavelength, deflection has to be considered.  
 
Luminescence  
Luminescence is defined as the optical radiation which is emitted during the transition 
from the excited state to the ground state. In the case of photoluminescence, the system is 
excited by photons. Depending on how long the optical radiation lasts until the ground 
state is reached again, two types of photoluminescence are distinguished: 
phosphorescence and fluorescence. While phosphorescence last from seconds to hours, 
fluorescence radiation usually decays within 10-9 seconds [131]. The light emitted by the 
fluorescent system has less energy resulting in a shift between the excitation wavelength 
and the emission wavelength. As this phenomenon was first described by Stokes [132], 
the shift is referred to as “Stokes-Shift”. 
Fluorophores or also called fluorescent dyes are chemical compounds that re-emit light 
upon excitation. The fluorescent properties of a dye are strongly dependent on its 
surrounding and can be influenced by the presence of chemical substances, solvent effects 
and also the pH-value, for example [133–136]. Table 2-1 gives an overview of three 
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fluorescent dyes used in this work including their excitation and emission wavelength as 
well as their pH range. Figure 2-5 shows the structural formula of the dyes. As Oregon 
Green® is a fluorinated analog of fluorescein it exhibits the same excitation and emission 
wavelength as fluorescein. While fluorescein shows pH dependent fluorescence in the 
range of 6-9, Oregon Green® is pH sensitive in the acidic to neutral range [137]. The 
fluorescence intensity of Rhodamine B is pH insensitive for pH-values ranging from 6-9 
[138].  
Table 2-1: Fluorescent dyes 
Fluorescent dye 
Excitation 
wavelength 
[nm] 
Emission wavelength 
[nm] 
pH range 
[-] 
Fluorescein [137,138] 
Oregon Green® 488 [137] 
Rhodamine B [138,139] 
490 
490 
554 
514 
514 
575 
6-9 
4-7 
6-9             
(pH insensitive) 
 
Figure 2-5: Structural formulas of the fluorescent dyes 
A Fluorescein sodium salt B Oregon Green® 488 C Rhodamine B 
 
2.1.4 Objectives and Overview 
There are numerous bioprocesses, in which either mycelial morphology or biopolymer 
formation leads to an increase in viscosity during fermentation. For the following three 
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reasons, knowledge of viscosity during fermentation is essential: First, problems 
concerning poor mixing and gas/liquid mass transfer can be recognized and counteracted. 
Second, the power input as important parameter for scale-up can be calculated. Third, 
viscosity can serve as biomass signal in case of mycelial growth and as product signal in 
case of biopolymer formation. Consequently, monitoring and measurement of viscosity 
during cultivation processes is highly recommendable. 
While in fermenters online monitoring of viscosity is facilitated by process viscometry 
[140,141], this possibility does not yet exist in shake flasks. Despite their advantages of 
being inexpensive and easy-to-handle, shake flasks are clearly disadvantaged compared to 
fermenters with respect to process monitoring. Nevertheless, online monitoring 
techniques for the measurement of respiration activity [47,48,142] as well as biomass 
[143,144] and power input [145] have been developed. By the help of power input 
measurements, conclusions can be drawn about the hydrodynamics and thus about the 
viscosity in the shake flasks. However, 14 shake flasks have to be operated in parallel 
under identical conditions in power input measurement. Until today, tedious sampling and 
offline measurement on a conventional viscometer is necessary to gain information about 
the prevalent viscosity in shake flask cultivations. Besides interrupting the shaking 
process while taking samples, this procedure additionally requires a immense amount of 
time and effort. Moreover, the viscometer comes into direct contact with the sample and 
has to be cleaned carefully after each measurement. 
The aim of this thesis is the development of a quantitative online viscosity measurement 
for shake flasks to monitor the viscous fermentation broth and to obtain direct and 
continuous information. To prevent interference with the hydrodynamics in the shake 
flask, the measurement technique is required to be non-invasive. Fulfilling the 
aforementioned requirements, optical methods are chosen for the viscosity measurement. 
The measuring principle is based on detecting the position of the rotating bulk liquid as it 
changes dependent on the viscosity. At the beginning, an existing experimental set-up is 
used, which detects the rotating bulk liquid in the shake flask based on a fluorescence 
measurement (section 2.3.1). However, since several drawbacks of this fluorescence 
measurement are realized during the first experiments, the optical method is switched to a 
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transmitted light measurement. First, a measurement set-up for a single shake flask is 
established, in order to revise the suitability of the new measuring technique (section 
2.3.2). Parallel to the design of the experimental set-up, software for data acquisition and 
evaluation is also developed. Since the transmitted light measurement proves to be 
suitable for the detection of the rotating bulk liquid, a multiplication is strived for an eight 
shake flask system (section 2.3.3). Besides the miniaturization of the design, also the 
electrical components as well as the software are adapted. In order to obtain a viscosity 
signal, the information of the position of the rotating bulk liquid has to be converted into 
viscosity values. Therefore, calibration functions using model fluids and a conventional 
viscometer are established (section 2.3.4). After successful calibration, the device is 
tested in biological processes and validated by offline sampling (section 2.3.5). In 
addition to the cultivation of the filamentous growing fungus Trichoderma reesei, also the 
biopolymer formation of Paenibacillus polymyxa and Xanthomonas campestris are 
monitored online. Finally, a possible application of the here presented online viscosity 
measuring device as offline viscometer is considered in the penultimate section (section 
0), while the last section deals with the accuracy of the device (section 2.3.7).  
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2.2 Material and Methods 
2.2.1 250 mL shake flasks  
To avoid optical effects due to scratches on the surface, thirty new 250 mL glass shake 
flasks (Schott AG, Mainz, Germany) with narrow neck and beaded rim were purchased 
and numbered consecutively. Additionally, the graduation on the shake flasks was 
removed by etching and the surface was polished again (Aachener Quarz-Glas 
Technologie Heinrich, Aachen, Germany). 
 
2.2.2 Photographs of the liquid movement in shake flasks 
Photographs of the liquid movement in shake flasks were taken with a rotating camera 
described by Seletzky et al. [105,146]. Instead of the VCAM-110 camera (Phytec® 
Technologie Holding AG, Mainz, Germany), a GoPro HERO4 black action camera 
(GoPro, San Mateo, CA, USA) was used.  
 
2.2.3 Offline viscosity measurement by a commercial rheometer 
Viscous flow behavior of the model liquids or cultivation broths was analyzed in a MCR 
301 rheometer (Anton Paar, Stuttgart, Germany) equipped with either a cone (CP50-
0.5/TG, cone truncation 54 µM, cone angle 0.467°) or a parallel disk device (PP50/TG, 
49.95 mm plate diameter, only used for T .reesei) in a range of shear rates between 10 s-1 
and 5000 s-1 at 25°C, 30°C or 37°C. The corresponding software was Rheoplus/32 V3.40 
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(Anton Paar, Stuttgart, Germany). For non-Newtonian fluids effective shear rates and 
resulting apparent viscosity values were determined according to Giese et al.[120].  
 
2.2.4 Phosphate buffer 
Viscous model liquids that were treated with fluorescent dye were prepared with 0.1 M 
phosphate buffer Na2HPO4 (VWR International, Darmstadt, Germany), 
NaH2PO4 x 2 H2O (Carl Roth GmbH, Karlsruhe, Germany) pH 8.0. The buffer was also 
used for dilution series.  
 
2.2.5 Fluorescent dyes  
Fluorescein 
Fluorescein sodium salt (F6377-1006, Sigma Aldrich Co. LLC., St. Louis, MO, USA) 
was one of three fluorescent dyes chosen for the detection of the liquid’s position. Due to 
its pH dependency [147], a stock solution of 2.5 mM was prepared with 0.1 M phosphate 
buffer pH 8.0 (section 2.2.4). The stock was stored protected from light at room 
temperature. Liquids to be examined were treated with fluorescein to a final concentration 
of 2.5 µM directly before measurement. 
 
Oregon Green® 488  
An alternative fluorescent dye was Oregon Green® 488 (D6145, Molecular Probes, Inc., 
Eugene, OR, USA). According to the manufacturer’s instruction, 10 mg of the dye was 
solved in 1 mL dimethyl sulfoxide. This stock solution was stored protected from light at 
room temperature for one week at most. Liquids to be examined were treated with 
Oregon Green® 488 to a final concentration of 2.5 µM directly before measurement. 
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Rhodamine B  
Rhodamine B (83689, Sigma Aldrich Co. LLC., St. Louis, MO, USA) was also used as 
fluorescent dye for the detection of the liquid movement. 250 mg rhodamine B was 
solved in 25 mL 0.1 M phosphate buffer pH 8.0 (section 2.2.4). This solution as well was 
stored protected from light at room temperature. Liquids to be examined were treated 
with rhodamine B to a final concentration of 0.01 g/L directly before measurement. 
 
2.2.6 Viscous model liquids 
Polyvinylpyrrolidone (PVP) 
Aqueous polyvinylpyrrolidone (PVP, (C6H9NO)n) (Luviskol K90, BASF, Ludwigshafen, 
Germany) solutions with varying concentrations (Table A- 3) were used as viscous model 
liquids. A 15% (w/w) stock solution was prepared with either 0.1 M phosphate buffer pH 
8.0 (section 2.2.4) (fluorescence measurement) or with deionized water (transmitted light 
measurement) preheated to 60°C. The solution was mixed on a magnetic stirrer with 
heater for about two days at 60°C until the PVP powder was solved completely. Dilution 
series were prepared with either 0.1 M phosphate buffer pH 8.0 (fluorescence 
measurement) or deionized water (transmitted light measurement) and stored at either 
30°C or 37°C. Viscous flow behavior of the solutions was analyzed prior to each 
experiment in a commercial rheometer (section 2.2.3). As aqueous PVP solutions show 
shear thinning characteristics with increasing concentrations (Figure A- 3), effective shear 
rates and resulting apparent viscosity values were determined according to Giese et 
al.[120].  
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Glycerol  
Dilution series of pure glycerol (Carl Roth GmbH, Karlsruhe, Germany) (Table A- 2) 
were prepared with 0.1 M phosphate buffer pH 8.0 (section 2.2.4) and stored at 37°C to 
serve as viscous model fluids. Viscous flow behavior of the solutions was analyzed prior 
to each experiment in a commercial rheometer (section 2.2.3). Effective shear rates and 
resulting apparent viscosity values were determined according to Giese et al.[120]. 
 
Sodium polytungstate – sucrose solutions  
Sodium polytungstate (SPT, Na6[H2W12O40]) (SPT-2, TC-Tungsten Compounds GmbH, 
Grub am Forst, Germany) stock solutions of different concentrations (40%, 50%, 60%, 
70%, 75%, 80% (w/w)) (Table A- 4 - Table A- 9) were prepared by solving the granulate 
in 0.1 M phosphate buffer pH 8.0 (section 2.2.4). The desired amount of sucrose was 
added to the preheated stock solution which was mixed on a magnetic stirrer with heater 
at 60°C until the sugar was solved completely. Dilution series were prepared with 0.1 M 
phosphate buffer pH 8.0 and stored at 37°C. Viscous flow behavior of the solutions was 
analyzed prior to each experiment in a commercial rheometer (section 2.2.3). Effective 
shear rates and resulting apparent viscosity values were determined according to Giese et 
al.[120].  
 
2.2.7 Determination of density 
To determine the density of the model fluids, the weight of an empty 10 mL volumetric 
flask was tared. Subsequently, the volumetric flask was filled up to the calibration mark 
with the solution to be measured and weighed. The density was determined 
mathematically by dividing the weight of the solution by the volume of 10 mL. 
 
Chapter 2 Material and Methods 63 
 
 
 
2.2.8 Fluorescence measurement in microtiter plates 
To examine the fluorescence behavior of fluorescein and rhodamine B in 0.1 M 
phosphate buffer pH 8.0 (section 2.2.4), as well as in sucrose and SPT solutions of 
different concentrations (section 2.2.6), 200 µL of the corresponding solution was 
pipetted in a 96-well microtiter plate (735-0527, VWR International, Darmstadt, 
Germany). The final fluorescein concentration in the well was 25 nM, while the 
concentration of rhodamine B was 10 pg / mL to avoid a signal overflow. Excitation and 
emission wavelength were chosen according to Table 2-1. Measurements were performed 
as triplicates in a microtiter plate reader (Synergy Mx (Software Gen5 Version 2.00.18.), 
BioTek Instruments GmbH, Bad Friedrichshall, Germany). 
 
2.2.9 Hydrophilization of glass shake flasks 
For hydrophilizing the glass surface, clean and dry 250 mL Erlenmeyer shake flask were 
boiled with 20% (w/w) nitric acid (>65%, Carl Roth GmbH, Karlsruhe, Germany) for 45 
minutes under a fume hood. To avoid boiling retardation, boiling stones (1692.1, Carl 
Roth GmbH, Karlsruhe, Germany) were used. The cooled shake flasks were rinsed 
thoroughly with deionized water and dried in a drying cabinet at 80°C for 24 hours. 
 
2.2.10 Micororganisms and cultivation conditions 
Respiration activity of all cultivations (precultures and main cultures) was monitored 
online by the Respiration Acivity MOnitoring System (RAMOS) developed by Anderlei 
et al. [47,48]. This technology allows drawing conclusions about the growth and 
metabolism of organisms. For sampling, non-online monitored conventional shake flasks 
were operated in parallel under identical conditions. These “offline” shake flasks were 
only used once for sampling and not re-used in the experiment. 
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All chemicals used in the media recipes were purchased from Sigma Aldrich Co. LLC. 
(St. Louis, MO, USA), Merck KGaA (Darmstadt, Germany) or Carl Roth GmbH 
(Karlsruhe, Germany). For pH measurement, an InLab Easy pH electrode (Mettler Toledo 
Intl. Inc., Gießen, Germany) with a CyberScan pH 510 meter (Eutech Instruments, 
Thermo Fisher Scientific Inc., Waltham, USA) was used. Photometric determination of 
cell density was performed with the Spectrophotometer Genesys 20 (Thermo Fisher 
Scientific, Inc., Waltham, USA). Osmolality was measured with the cryoscopic 
osmometer Osmomat 030 (Gonotec GmbH, Berlin, Germany). 
 
Trichoderma reesei 
The fungal strain Trichoderma reesei RUT-C30 (ATCC 56765) was kept on malt-extract 
peptone agar (Table 2-2). 2.35 g of glycerol was added to the agar powder and solved in 1 
L deionized water preheated to 80°C. The agar was autoclaved for 15 minutes at 121°C 
and poured in hot, liquid form intro petri dishes. Sealed with Parafilm®, the agar plates 
were stored at 4°C.  
Table 2-2: Composition of malt-extract peptone agar 
Substance Amount [g] 
Peptone A  0.78 
Maltose 12.75 
Dextrin 2.75 
Agar 15 
Glycerol 2.35  
pH-value 4.7 
Deionized water  ad 1 L 
Agar plates were inoculated by 50-100 µL of a Trichoderma reesei spore solution and 
incubated at 30°C for 5-7 days, until they were completely overgrown. For sporulation, 
incubation was continued for three days under light of a lamp. Spores were harvested 
Chapter 2 Material and Methods 65 
 
 
from the plates by adding 8 mL of a sterile 0.9 % (v/v) sodium-chloride solution and 
detaching them with a Drigalski spatula. The spore concentration of the solution was 
determined by diluting it 1:10 and using a Neubauer improved counting chamber. Storage 
took place at 4°C.  
Liquid cultures of Trichoderma reesei were performed on the basis of a medium 
developed by Pakula [148]. The medium was adapted by Herweg [149] and further 
modified during this thesis. In the following, it is referred to as modified Pakula medium. 
The medium is composed of several solutions listed in Table 2-3, Table 2-4 and Table 
2-5.  
 
Table 2-3: Modified Pakula medium: 1.111x Basis solution 
Substance  Amount [g] 
Diammonium sulfate  19  
Potassium dihydrogen phosphate 6.5  
Magnesiumsulfate heptahydrate  1.25 
Calciumchloride dihydrate  5.70  
Sodium chloride  0.125  
PIPPS Buffer 33.04 
pH-value 5.5 
Deionized water ad 0.9 L 
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Table 2-4: Modified Pakula medium: 400x Trace element solution. 
Substance Amount [g] Final concentration in 
the medium [g/L]  
Citric acid 18  0.45  
Iron (II) sulfate heptahydrate  20  0.5  
Zincsulfate heptahydrate  1.6  0.04  
Coppersulfate pentahydrate  0.32  0.008  
Manganesesulfate heptahydrate  0.16  0.004  
Borate  0.08  0.002  
Cobalt chloride  0.148  0.0037  
Deionized water ad. 0,1 L - 
 
Table 2-5: Modified Pakula medium: Glucose solution 
Substance Amount [g] Final concentration in 
the medium [g/L]  
Glucose  520  50 
Deionized water ad. 1 L - 
The pH-value was adjusted by adding 5 M sodium chloride solution to the basis solution. 
The basis solution as well as the trace element solution were sterile-filtered through a 
filter having a pore size of 0.2 μm, while the glucose solution was autoclaved at 121°C 
for 21 minutes. The individual medium components were mixed directly before the start 
of the experiment according to Table 2-6. 
Table 2-6: Pipetting scheme for the modified Pakula medium (1 L) 
Solution Volume [mL] 
1,111 x Basis solution 900.09 
Glucose solution 96.15 
400 x Trace elements solution 2.5 
Deionized water 1.26 
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Cultivations of Trichoderma reesei were performed in 250 mL shake flasks with a filling 
volume of 20 mL, a shaking frequency of 350 rpm at a shaking diameter of 50 mm and 
30°C. For inoculation, 1 x 106 spores / mL were used. 
 
Paenibacillus polymyxa 
Paenibacillus polymyxa (DSM 365) was cultivated in MM1P100 medium (Table 2-7) 
[150] in 250 mL shake flasks at 30°C and a shaking diameter of 50 mm. Filling volume 
and shaking frequency were varied as indicated in the corresponding sections. All 
components of the MM1P100 medium were prepared individually as stock solutions. 
Prior to sterile filtering, the pH-value of the KH2PO4 solution was adjusted to 7.0 by 
adding potassium hydroxide. The trace element solution was also sterile filtered through a 
filter having a pore size of 0.2 μm while the vitamin solution was already purchased 
aseptically. All other components were autoclaved for 21 minutes at 121°C for 
sterilization. The individual medium components were mixed directly before the start of 
the experiment. The initial pH-value of the medium was adjusted to 7.0.  
Precultures of Paenibacillus polymyxa were inoculated with 1 mL of cryo culture (stored 
at -80°C) per 40 mL MM1P100 medium. Main cultures were inoculated with a start 
OD600 of 0.1 from the precultures harvested in the exponential growth phase. Exponential 
growth was determined from the respiration activity [151]. 
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Table 2-7: Composition of the MM1P100 medium  
Substance Concentration 
Glucose  30 g/L 
Casein peptone  5.00 g/L 
Magnesiumsulfate heptahydrate 1.33 g/L 
Potassium dihydrogen phosphate 1.67 g/L 
Calciumchloride dihydrate 0.05 g/L 
Vitamin solution RPMI 1640 (500x) 1x  
Trace elements solution (1000x) 1x  
 
Table 2-8: MM1P100 medium: 1000x Trace elements solution 
Substance 
Concentration 
[g/L] 
Iron (II) sulfate heptahydrate 2.5 
Sodium tartrate dihydrate 2.1 
Manganese (II) chloride tetrahydrate 1.8 
Cobalt (II) chloride hexahydrate 0.075 
Copper (II) sulfate heptahydrate 0.031 
Boric acid 0.258 
Sodium molybdate 0.023 
Zinc chloride 0.021 
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Xanthomonas campestris  
Xanthomonas campestris pv. campestris B100 was cultivated in a two stage fermentation 
process. First, 40 mL of preculture (YM medium, Table 2-9, [152]) were inoculated with 
1 mL of cryo culture (stored at -80°C). Precultures were carried out in 250 mL shake 
flasks with a filling volume of 20 mL, a shaking frequency of 300 rpm at a shaking 
diameter of 50 mm and 30°C. They lasted about 19-24 hours. Main cultures were 
inoculated from the preculture with a start OD600 of 0.5. For the main cultures, the GY 
medium (Table 2-10) was used. All other shaking parameters corresponded to those of the 
preculture. 
To avoid the maillard reaction [153], all complex components (yeast extract, malt extract, 
peptone) were autoclaved separately from the other components. Therefore, both 
solutions (complex components, non-complex components) were prepared with the 
tenfold concentration. The medium used in the experiments was prepared by mixing both 
solutions and appropriately diluting them with sterile deionized water. 
Table 2-9: Composition of YM Medium  
Substance Concentration [g/L] 
Glucose 10  
Yeast extract 3 
Malt extract 3 
Peptone 5 
MOPS 30 
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Table 2-10: Composition of GY Medium 
Substance Concentration [g/L] 
Glucose 25  
Yeast extract 25 
Potassium dihydrogen phosphate 2 
Magnesiumsulfate heptahydrate 0.205 
MOPS 30 
Escherichia coli 
Escherichia coli BL 21 DE3 was cultivated to investigate the influence of cells on the 
optimal angle settings of LED and detector (section 2.3.3). Cultures were inoculated from 
cyro stocks (stored at -80°C) with 100 µL per 10 mL medium and grown in TB medium 
(Table 2-11) [154] in 250 mL shake flasks with 10 mL filling volume at 37°C, a shaking 
frequency of 350 rpm and a shaking diameter of 50 mm. TB medium was also used for 
dilution series. 
Table 2-11: Composition of TB medium  
Substance Concentration [g/L] 
Glycerol 5.0 
Tryptone 12.0 
Yeast extract 24.0 
Dipotassium hydrogen phosphate 12.54 
Potassium dihydrogen phosphate 2.31 
 
Furthermore, an adapted basis solution of the Wilms MOPS medium (Table 2-12) [155] 
was also used for examining the angle settings of LED and detector (section 2.3.3).This 
solution has been modified at the Chair of Biochemical Engineering.  
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Table 2-12: Wilms MOPS medium: Composition of the basis solution 
Substance Concentration [g/L] 
Diammonium sulfate 6.98  
Dipotassium hydrogen phosphate 3.0 
Disodium sulfate 2.0 
MOPS 41.85 
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2.3 Results and Discussion 
The following chapter explains the development process of an online measurement 
technique for viscosity in shake flasks. The measurement technique is based on the 
physical principle that the position of the rotating bulk liquid in the shake flask changes 
relative to the direction of centrifugal acceleration with increasing viscosity. Two optical 
measurement techniques have been developed to detect the leading edge of the bulk 
liquid non-invasively: a fluorescence measurement and a transmitted light measurement. 
Since the fluorescence measurement had serious disadvantages, a parallelization of the 
device was carried out with the transmitted light measurement. To convert the signal of 
the liquid’s position into actual viscosity values, a calibration function was established 
using model fluids and a conventional rheometer. Finally, the measurement technique 
was validated by performing biological experiments and comparing the online viscosity 
signal to offline measured values.  
 
2.3.1 Fluorescence measurement for the detection of the liquid distribution 
in shake flasks  
Experimental Set-Up 
To determine the position of the leading edge of the bulk liquid (Figure 2-3), it was 
started with a fluorescence measurement based on a similar set-up used by Hermann 
[156] (Figure 2-6, Figure 2-7). For this contact-free optical method a 250 mL Erlenmeyer 
flask without graduation was mounted on an orbital shaker (LS-X, Kühner AG, 
Birsfelden, Schweiz). The shaker’s housing was equipped with a self-built Hall effect 
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sensor on the longitudinal axis and a magnet on the rotating eccentric disk. When the 
magnet on the eccentric disk passed the Hall effect sensor, the constant signal of the 
sensor was disturbed and dropped. The combination of Hall effect sensor and magnet 
served as counter and as position marker.  
Directly before the measurement, the liquid to be examined was treated with a 
fluorescence dye. During this work, three different fluorescence dyes were used: 
Fluorescein, Oregon Green® and rhodamine B (Table 2-1). In the case of fluorescein (λex 
= 490 nm, λem = 514 nm) or Oregon Green® (λex = 490 nm, λem = 514 nm) the light of a 
blue high-power LED (LL-504BC2E-B4-2CC, λmax = 470 nm, LuckyLight Electronics, 
Co., Ltd, Shenzhen, China) was filtered by a bandpass filter (BG 12, λmax = 470 nm, 
Schott AG, Mainz, Germany) and led to the glass wall of the shake flask by an optical 
fiber to excite the fluorescent dye in the liquid. If rhodamine B (λex = 554 nm, λem = 575 
nm) was used as fluorescent dye, the blue LED was switched to a green LED (LL-
504PGC2V-G5-2CD, λmax = 520 nm, LuckyLight Electronics, Co., Ltd, Shenzhen, China) 
and the bandpass filter was replaced by an appropriate one (VG9, λmax = 526 nm, Schott 
AG, Mainz, Germany). Using the clamped developed by Hermann, there were five 
positions along the height to attach the optical fiber to the shake flask wall. However, the 
optical fiber was only mounted in the lowest position at a height of 26.6 mm from the 
shake flask bottom and perpendicular to the shake flask’s longitudinal axis (Figure 2-7 
B). Upon excitation, the fluorescent dye in the liquid emitted light that was led back via 
the optical fiber through a longpass filter (OG515, λ > 515 nm (fluorescein / Oregon 
Green®) or OG 590, λ > 590 nm (rhodamine B), Schott AG, Mainz, Germany) to a 
photomultiplier (special production, PreSens Precision Sensing GmbH, Regensburg, 
Germany). The photomultiplier amplified the signal (Gain = 350) and converted it into a 
voltage signal. 
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Figure 2-6: Schematic representation of the fluorescence measuring set-up (adapted to Hermann 
[156])  
Excitation light introduction into the flask and emission light capture is performed by the 
same optical glass fiber system. 
 
Figure 2-7: Photo of the fluorescence measuring set-up for one shake flask 
A Complete measuring set-up B Magnification of the clamp of the optical fiber  
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Raw signals  
In order to determine the leading edge of the rotating bulk liquid with the fluorescence 
measuring method, three different fluorescent dyes were used within this work. Since 
Hermann [156] had already performed an in-depth characterization of fluorescein with 
respect to its concentration, pH-dependency and suitable buffers, the first experiments 
were performed with this dye. However, difficulties with the fluorescence intensity when 
working with sodium polytungstate (SPT) (section 2.3.4, Figure 2-22) obliged to switch 
the dye. Due to previous research results [157] and its pH insensitivity [138] in a range of 
6-9, rhodamine B was selected as alternative fluorescent dye. Still, difficulties occurred 
when working with SPT (section 2.3.4, Figure 2-22) which is the reason why Oregon 
Green® was used. 
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Figure 2-8:  Fluorescence raw signals of the measured liquid distribution in shake flasks  
PVP solutions of different concentrations solved in 0.1 M phosphate buffer (pH=8.0), 
VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C. A 2.5 µM fluorescein B 2.5 
µM Oregon Green® C 0.01 g/L rhodamine B 
Figure 2-8 depicts the optical signals of the liquid distribution in shake flasks measured 
by fluorescence using fluorescein (A), Oregon Green® (B) and rhodamine B (C) as 
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fluorescent dyes. In each diagram, the raw signals of three aqueous PVP solutions of 
different concentrations and viscosities are presented for one rotation. Additionally, the 
signal of the Hall effect sensor is given as a position marker of the shaking machine’s 
movement and indicates the direction of the centrifugal acceleration. 
The signals are initially constant and form a horizontal line as no bulk liquid is in front of 
the optical fiber. Instead, only a thin liquid film remains (section 2.1.2). Since the liquid 
film on the shake flask’s inner surface contains only a small number of fluorescent 
molecules, the signals show their lowest value at that time. Upon arrival of the leading 
edge of the bulk liquid in front of the optical fiber an abrupt signal change is observable. 
As more fluorescent molecules get in front of the optical fiber the signal raises to the 
point the maximal depth of the bulk liquid is reached. With increasing viscosity of the 
fluids, the arrival of the bulk liquid is more and more delayed and the rotation is phase 
shifted relative to the direction of the centrifugal acceleration. Additionally, the liquid 
film adhering on the shake flask wall increases in thickness [122] as can be seen by the 
increased horizontal plateau at the beginning of the rotation (Figure 2-8 A). The larger the 
thickness of the liquid film, the more fluorescent molecules can emit light. While in 
Figure 2-8 A, there is a gradual increase of the horizontal signal with increasing viscosity, 
Figure 2-8 B and Figure 2-8 C demonstrate a sharp increase or also a decreased signal in 
the horizontal signal part at elevated viscosity. This might be explained by the use of 
different shake flasks for the different fluids (section 2.3.4, Figure 2-25). However, since 
only the position at which the horizontal signal devolves into a steep increase is crucial, 
this finding does not interfere with the measurement. This also applies to the bump 
occurring right after the steep signal increase concerning fluids with higher viscosity. It is 
assumed that this bump results from reflective effects at the gas-liquid interface [156]. 
Comparing the signals for the different fluorescent dyes with each other, it is obvious that 
the individual dyes differ in their maximum signal intensity and also in their difference 
between maximum and minimum signal intensity. For highly viscous systems with a high 
optical density, a low signal range (signal maximum – signal minimum) might hinder to 
distinguish between liquid film and bulk liquid.  
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Since the leading edge of the bulk liquid is a characteristic and easy-to-identify point in 
the fluorescence signal, exclusively this point of the signal is evaluated and used for the 
viscosity measurement. The angle between the zero point and the leading edge of the 
rotating bulk liquid is indicated by the colored arrows in Figure 2-8 A. It is referred to as 
θ. The remaining signal sequence was insignificant for the measurement technique and 
hence neglected. 
 
Data acquisition and evaluation 
Initially, both the optical signal as well as the Hall effect sensor signal were forwarded via 
an oscilloscope (PC Scope 500, Vellemann nv, Gavere, Belgium) to a computer with a 
graphical interface (PC Lab 2000 SE, Vellemann nv, Gavere, Belgium) to be plotted and 
saved. Despite a sample rate of 6250 S/s, only 4095 values could be saved by the 
oscilloscope’s software. At a shaking frequency of 350 rpm, that corresponded to about 
four rotations. Within this data set, the values for one rotation had to be looked for 
manually. Additionally, there was no software based evaluation of the leading edge of the 
bulk liquid in the optical signal available. Hence, a rough estimation by visual judgment 
had to be performed. 
To improve the data acquisition, the oscilloscope was replaced by a data acquisition 
module (NI USB 6009, National Instruments, Austin, TX, USA) with a sample rate of 
48,000 S/s. Accordingly, a LabVIEW™ based software with a graphical interface was 
developed. The time-resolved signal of subsequent rotations was converted into a rotation 
resolved signal and plotted. Thereby, it was taken into account that the position of the 
optical fiber on the shaking tray was shifted by 135° with respect to the Hall effect sensor. 
The data per rotation were saved column by column in a text file. Two modes were 
available: either a single or a permanent measurement. Concerning the single 
measurement, which was usually used for model fluids, the data of a freely selectable 
number of rotations were averaged and saved. In contrast, the permanent measurement 
enabled the user to save the average of a freely selectable number of rotations in self-
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chosen time intervals. For example, during cultivation processes, the average signal of the 
last 100 rotations could be determined every 15 minutes.  
 
 
Figure 2-9:  Operating principle of the MATLAB® algorithm for the detection of θ by the 
fluorescence measurement  
Dotted grey lines indicate the range of the signal that is used for evaluation.   
Furthermore, an algorithm was implemented in MATLAB® (R2016a, The Mathworks 
Inc., Natick, MA, USA) (section A.1) to enable a software-based and hence reproducible 
determination of the leading edge of the bulk liquid in the optical signal. First, the amount 
of data of the raw signal is reduced to the relevant part (Figure 2-9). For this purpose, the 
signal maximum is determined and all data points to the right of the maximum are 
discarded. Likewise, the data points between 0° and 110° are also dismissed. Starting at 
110°, straight lines are formed between the consecutive data points of the signal and the 
signal maximum. In the following, the angles αi between the straight lines and the x-axis 
are calculated. From these angles, the maximum angle and the corresponding data point 
in the raw signal are determined. Typically, this data point is located right before the 
steep increase of the signal and corresponds to the desired value (see green marked data 
point in the raw signal in Figure 2-9). However, to ensure the correctness of the selected 
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point, the data points in the horizontal part of the signal are fitted and the distance 
between the selected point and the fit is calculated. If the distance is larger than the 
empirically determined value of 0.01, the previously chosen data point cannot be correct 
but is already located within the rising signal. In this case, the next data point to the left of 
the recently tested data point is checked on the same criterion. This step is repeated until a 
data point is found that matches the given criterion. The corresponding value on the x-
axis indicates the angle θ between the zero point and the leading edge of the bulk liquid. 
 
Drawbacks of the fluorescence measurement  
Despite the clear and reliably interpretable signals of the fluorescence measurement, there 
are also some drawbacks to be mentioned. First, an additional step must always be carried 
out prior to the measurement, since a treatment of the liquid to be examined with a 
fluorescent dye is mandatory for this technique. Second, most fluorescent dyes are 
strongly dependent on the pH-value. This means that the signal might be lost upon 
changes in the pH-value during cultivation processes. Third, the interference between the 
fluorescent dye and media components or other additives might lead to a reduction of the 
fluorescence intensity or even to the loss of the signal (section 2.3.4, Figure 2-22). Forth, 
the measurement was sensitive to room light and other light sources, respectively. 
Therefore, all experiments were performed in the dark and a light protector between 
monitor and shaking machine was installed (Figure 2-7). 
 
2.3.2 Transmitted light measurement for the detection of the liquid 
distribution in a single shake flask  
Experimental Set-Up 
To overcome the drawbacks of the fluorescence measurement, the optical measurement 
method for the detection of the leading edge of the bulk liquid was changed to a 
transmitted light measurement (Figure 2-10, Figure 2-11). Also in this case, a 250 mL 
Erlenmeyer flask without graduation was mounted on an orbital shaker (LS-X, Kühner 
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AG, Birsfelden, Schweiz) equipped with a Hall effect sensor as a position marker. While 
the fluorescence measurement required a treatment of the sample with a fluorescent dye, 
this additional step was not necessary when using a transmitted light measurement. Based 
on the principle of a light barrier, light source and detector were located on opposite sides 
of the shake flask. Any liquid passing in between light source and detector reduced the 
amount of light that reached the detector due to optical effects. The light source was 
realized with a near-infrared LED (LD 274, λmax = 950 nm, OSRAM Licht AG, München, 
Germany) to take advantage of the liquid water absorption band around 970 nm [158–
160] which was especially suitable for water based fermentation broths. It was mounted at 
a height of 70 mm to avoid any interference of the rotating bulk liquid at this side of the 
shake flask. The corresponding infrared detector (203 FA, OSRAM Licht AG, München, 
Germany) at the opposite side was fixed at a height of 13 mm from the shake flask 
bottom. At this height, the 250 mL shake flask possesses its maximum extension as the 
truncated cone merges into the quarter torus. The liquid’s maximum extension inside the 
shake flask can also be found at this height so that this position was particularly suitable 
for measuring. Since the optical fiber in the fluorescence measuring set-up was mounted 
on a height of 26.6 mm from the shake flask bottom (section 2.3.1), it has to be 
considered that the arrival of the bulk liquid is not detected at the same position in both 
measuring methods and results for θ might differ. Angle meters attached to both the LED 
and the detector enabled the free adjustment of the angles with respect to the longitudinal 
axis of the shake flask (section 2.3.3). From the infrared detector, the signal was 
forwarded together with the Hall effect sensor signal to a data acquisition module (NI 
USB 6009, National Instruments, Austin, TX, USA) that processed the data to a 
computer. A software based on LabVIEW™ (National Instruments, Austin, TX, USA) 
visualized and saved the data. 
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Figure 2-10: Schematic representation of the transmitted light measuring set-up.  
Light source and detector are on opposite sides of the shake flask. 
 
Figure 2-11: Photos of the transmitted light measuring set-up for one shake flask. 
Light source and detector are on opposite sides of the shake flask.  
A Side view B Side view rotated by 90°  
 
Raw signals 
Figure 2-12 depicts the optical signals of the measured liquid distribution for the 
transmitted light measurement in shake flasks. The raw signals of three aqueous PVP 
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solutions of different concentrations and viscosities are shown for one rotation. 
Additionally, the signal of the Hall effect sensor is given as a position marker of the 
shaking machine’s movement and indicates the direction of centrifugal acceleration.   
Like the fluorescence signals (Figure 2-8), the optical signals of the transmitted light 
measurement (Figure 2-12) also start with a horizontal course. It has been explained 
before that at that point no bulk liquid is in front of the optical fiber or the infrared 
detector but only a thin liquid film (section 2.1.2). In contrast to the fluorescence signal, 
however, the signal of the transmitted light measurement starts with a high instead of a 
low constant value as the majority of the emitted light passes the liquid film and reaches 
the detector. As in the case of the fluorescence measurement, the arrival of the leading 
edge of the bulk liquid in front of the detector results in an abrupt signal change. 
However, the signals of the transmitted light measurement are inverted to the 
fluorescence signals, as the bulk liquid absorbs the light upon arrival in front of the 
detector resulting in a steep decrease in signal. Nevertheless, the same principle is 
recognizable here: The higher the viscosity, the later appears the steep decrease in signal 
indicating the leading edge of the bulk liquid. Simultaneously, the liquid film increases in 
depth leading to a lower value of the horizontal plateau at the beginning of the signal with 
increasing viscosity since the liquid film absorbs light. Overall, the transmitted light 
signal appears to be more restless than the fluorescence signal. However, the arrival of the 
bulk liquid in front of the detector is clearly indicated by a characteristic and steep 
decrease in signal. Since this is the critical point to be evaluated, the remaining signal 
sequence is neglected. In comparison to the fluorescence measurement, the difference 
between the value of the horizontal plateau and the maximal signal reduction in the steep 
decrease is about 3 V whereas this difference was only 800 mV for the fluorescence 
measurement. In the case of highly viscous fluids which form a thick liquid film on the 
shake flask wall, this represents a clear advantage. Based on the principle of a light 
barrier, the transmitted light measurement is universally applicable and does not require 
the addition of a pH dependent fluorescent dye prior to the experiment. 
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Figure 2-12: Transmitted light raw signals of the measured liquid distribution in shake flasks  
PVP solutions of different concentrations solved in deionized water, VK = 250 mL, VL = 20 
mL, n = 350 rpm, d0 = 50 mm, T = 30°C. LED angle: 125°, detector angle: 55°. 
 
Data acquisition and evaluation 
The data acquisition and visualization as well as its storage were carried out with the 
same combination of data acquisition module and LabVIEW™ based software as 
described in section 2.3.1 for the fluorescence measurement. However, the MATLAB® 
algorithm (section A.2) for the evaluation of θ had to be adapted to the new signal shape 
of the transmitted light measurement. Due to the more irregular signal path, it was not 
possible to invert the method used for the fluorescence measurement. Not only the 
irregularities within one signal, but also diversities between different signals (Figure 
2-14) represented a challenge to implement a universally applicable algorithm that detects 
the steep signal decrease indicating the arrival of the bulk liquid.  
To determine the leading edge of the rotating bulk liquid, the intersection of two linear 
fits is used (Figure 2-13). The first fit is applied to the data range of the horizontal signal 
when no bulk liquid is located in front of the detector. For the second fit, the data range 
within the steep signal decrease is selected. In the following, more detail is given on how 
the data ranges of the individual fits were selected from the raw signal.  
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Figure 2-13: Operating principle of the MATLAB® algorithm for the detection of θ by the 
transmitted light measurement 
To determine the leading edge angle θ, the intersection of two linear fits is used. The first fit 
is applied to the data range of the horizontal signal at which there is no bulk liquid in front of 
the detector. For the second fit, the data range within the steep signal decrease is selected. 
In order to determine the starting point for the first linear fit through the horizontal signal 
range, two things had to be taken into account: First, in the case of highly viscous fluids, 
the bulk liquid is shifted to such an extent that the undefined end of the bulk liquid still 
passes the 0° position (Figure 2-14 E). Second, depending on the selected shaking 
parameters, the steep signal decrease occurs at different positions for identical viscosity 
(section, 2.3.4, Figure 2-28). x = 60° was determined empirically to be a good choice for 
the left boundary of the first linear fit. In order to find the right border for this linear fit, 
the end of the horizontal signal range had to be detected. However, there were raw signals 
showing signal irregularities shortly before the steep signal decrease (Figure 2-14 A). To 
avoid that this region was used for the fit, integrals with a width of approximately 5° were 
formed between the signal and the x-axis starting from the left boundary. The consecutive 
integrals were compared with the first integral. As soon as the area deviated by the 
empirically determined value of 0.2% from the starting integral, the process was 
terminated. The first linear fit was applied to the data range selected up to this point.  
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Correspondingly, a data range had to be selected for the second linear fit within the steep 
decrease of the signal. For this purpose, the data of the first linear fit was averaged. The 
right boundary was set at the position in the signal sequence at which this average value 
was reduced by the empirically chosen threshold of 20% for the first time. Since the steep 
signal decrease was sometimes not very distinct (Figure 2-14 F), especially for highly 
viscous fluids, the right boundary had to be selected with caution. To overcome this 
problem, the raw signal was normalized at the beginning of the algorithm. For this 
purpose, the signal minimum was subtracted from the continuous signal value and the 
resulting value was divided by the difference between the signal maximum and the signal 
minimum. However, there was also the problem that signal noise might appear within the 
steep signal decrease (Figure 2-14 B), which might then coincide randomly with the right 
boundary. The right boundary, as well as the data points above and below it, were used 
for a first linear fit. From there, the data range is first expanded upwards one by one data 
point and the slopes are compared. If the change in slope is greater than 7%, the 
procedure is terminated. The same procedure is repeated in the other direction, 
downwards. Again, the threshold of 7% was determined empirically, since the change in 
slope within the steep decrease was large in some data sets while it was small in others 
(Figure 2-14 C, D). The second linear fit is then applied to the entire selection made. The 
intersection of both linear fits corresponds to the desired angle θ. This method of 
evaluation is restricted if the steep signal decrease turns into a round-shaped signal drop 
at high viscosity shortly before the out-of-phase phenomenon (Figure 2-14 E).  
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Figure 2-14: Differences in the raw signals of the transmitted light measurement 
A Signal noise before steep decrease B Signal noise within steep decrease C Consistent slope 
within steep decrease D Change in slope within steep decrease E Round-shaped instead of 
steep signal decrease F Only low signal decrease  
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Figure 2-15: Accuracy of the transmitted light measurement based on the raw signal of 200 rotations  
Mean }̅.**.- and standard deviation É,.**.- are given. VK = 250 mL, VL = 20 mL, 
n = 350 rpm, d0 = 50 mm, T = 30°C. LED angle: 125°, detector angle: 55° A H2O with η = 
0.78 mPa·s B Aqueous 7 % (w/w) PVP solution with η = 64.08 mPa·s. 
 
Accuracy 
While Figure 2-12 depicts exemplarily the signals of one rotation, Figure 2-15 shows the 
raw signal of 200 rotations for the transmitted light measurement. To illustrate the 
90 Results and Discussion Chapter 2 
 
precision of the measurement and the determination of θ, the 200 signals are zoomed in to 
the relevant part, namely the arrival of the bulk liquid. The entire signals can be found in 
the appendix (Figure A- 4). By evaluating θ for each rotation individually, mean }̅.**.- 
and standard deviation É,.**.- can be calculated from the 200 values. For water, }̅.**.- equals 105.12° with a standard deviation of É,.**.-= 0.28° (Figure 2-15 A) 
while an aqueous PVP solution of 64.08 mPa s reaches a }̅.**.- of 146.12° with É,.**.- = 0.16° (Figure 2-15 B) under the applied conditions. With increasing 
viscosity, the signals appear to be calmer as a lower standard deviation results. As 
explanation it is assumed that elevated inner friction forces lead to less turbulence at 
higher viscosity. As Figure 2-15 demonstrates, subsequent rotations show a nearly 
identical signal sequence indicating an excellent reproducibility. In order to increase the 
accuracy of the measurement, multiple rotations can be evaluated to calculate a mean }̅.**.-. A detailed discussion about the accuracy as well as an error analysis is 
presented in section 2.3.7.  
 
2.3.3 Transmitted light measurement for the parallel detection of the liquid 
distribution in eight shake flasks 
Miniaturization of the single shake flask measuring set-up  
Since signal detection, evaluation and accuracy of the transmitted light measuring set-up 
were satisfactory to measure the liquid distribution in dependence on the viscosity, the 
single shake flask device was intended to be parallelized to an eightfold device. On the 
one hand, this had the advantage that, for statistical purposes, the cultivation could be 
monitored simultaneously with eight identical approaches. On the other hand, it was 
possible to test various process or cultivation conditions such as filling volume, organism 
and medium at the same time. To place the measuring device eight times on a 42·42 cm 
square shaker tray, the single-flask set-up had to be adjusted.  
Initially, the angle meters attached to both the LED and the detector needed to be 
removed as they required too much space. Hence, a fixed position of both LED and 
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detector had to be found, which was first addressed by a mathematical approach (Figure 
2-16). It was assumed, that the highest signal intensity is achieved, when the light emitted 
by the LED hits the plane of the detector perpendicularly. Since the distance between the 
detector and the LED as well as the height of the LED were known, the angles β and γ 
could be calculated by trigonometry to be 53.5° and 126.5°, respectively.  
 
Figure 2-16: Mathematical approach to identify the best orientation for LED and detector with 
respect to the longitudinal axis of the shake flask  
Subsequently, it was experimentally tested whether the light refraction (section 2.1.3) on 
the shake flask glass and the liquid leads to another optimal alignment of LED and 
detector than the theoretical consideration. Along with the question of which alignment 
leads to the highest signal intensity, it should be determined whether the settings of the 
LED and detector influence the detection of the leading edge angle θ or the signal 
sequence. Particular attention was given to whether the angle settings can prevent signal 
irregularities sometimes occurring just before the steep signal decrease (section 2.3.2). 
Using two different shake flasks, filling volumes of 10 and 20 mL, shaking frequencies of 
250 and 350 rpm and nine different fluids, 45 different combinations were tested with 
LED angles ranging from 123-131° and detector angles from 51-59°. Deionized water, 
0.9% (w/w) sodium chloride, 250 g/L glucose, the mineral solution of Wilms MOPS 
92 Results and Discussion Chapter 2 
 
medium (pH 7.5, section 2.2.10), TB medium (section 2.2.10), E. coli culture broths of 
OD600=1, OD600=10, OD600=20 (section 2.2.10) and 3.75% (w/w) PVP solution (section 
2.2.6) served as fluids. Sodium chloride and glucose were chosen since salts and sugars 
are the main ingredients of biological cultivation media. Wilms MOPS and TB medium 
represent optical clear and optical colored cultivation media. E. coli culture broths of 
three different optical densities imitate the increasing cell number during cultivation and 
the PVP solution was chosen as viscous model fluid. The signal intensity was determined 
by averaging the values of the horizontal signal sequence of the raw signal (section 2.3.2, 
Figure 2-12).  
For comparison, relative signal intensities were visualized by color formatted tables 
(exemplarily Table 2-13 and Table 2-14, all other tables see appendix Table A- 10). There 
were usually two areas found demonstrating high signal intensity for LED angles: one 
was located around 126° and the other one around 129°. Regarding the detector angle, 
maximal intensities were found between 52° and 55°. On the whole, the maximum signal 
intensity changed depending on the shake flask, filling volume, shaking frequency and 
fluid. As a result, there was no unique solution for the best combination of LED and 
detector angles. Table 2-15 gives an overview how many times the maximum was 
detected at which angle setting. From the determined data, an angle of 126° for the LED 
and one of 53° for the detector was selected as a fixed combination for the eight shake 
flask device. For this combination, the signal maximum for biological culture broth was 
most frequently detected and it resembled the mathematical solution best. Regarding the 
detection of the leading edge angle θ or the signal sequence, no significant influence of 
the LED and detector angle setting were discovered [161]. If signal irregularities 
occurred, they could be observed for all combinations of angles and were mostly 
dependent on the fluid.  
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Table 2-13: Influence of LED and detector angle setting on signal intensity of water 
VK = 250 mL, Flask No. 6, VL =10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, H2O. First row: 
LED angles, first column: detector angles. The signal intensity was determined by averaging 
the values of the horizontal signal sequence of the raw signal (section 2.3.2, Figure 2-12). The 
results show the relative signal intensity with respect to the highest signal intensity. Grey 
fields indicate angle positions for which no measurement was performed. 
[°] 123 124 125 126 127 128 129 130 
52 0.144     0.926 0.816     0.889 
53 0.162   0.905 0.943 0.829   0.984 0.914 
54 0.186 0.585 0.933 0.953 0.834 0.868 1.000 0.903 
55 0.208 0.631 0.944 0.948 0.821 0.887 0.998 0.867 
56 0.218 0.655 0.895 0.896 0.780 0.857 0.962 0.795 
57 0.218 0.643 0.828 0.783   0.817   0.713 
58 0.212 0.592   0.737         
59 0.000 0.568             
 
Table 2-14: Influence of LED and detector angle setting on signal intensity of E. coli culture broth  
VK = 250 mL, Flask No. 6, VL =10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli culture 
broth OD600 = 10. First row: LED angles, first column: detector angles. The signal intensity 
was determined by averaging the values of the horizontal signal sequence of the raw signal 
(section 2.3.2, Figure 2-12). The results show the relative signal intensity with respect to the 
highest signal intensity. Grey fields indicate angle positions for which no measurement was 
performed. 
 
[°] 124 125 126 127 128 129 130 131 
51   0.635 0.911 0.933 0.878 0.918 0.958   
52 0.309 0.751 1.000 0.960 0.908 0.961 0.979   
53 0.340 0.767 0.998 0.951 0.901 0.969 0.968 0.506 
54 0.352 0.786 0.972 0.925 0.873 0.948 0.932 0.451 
55 0.368 0.788 0.917 0.883 0.835 0.918 0.839 0.408 
56 0.367 0.766 0.883 0.826 0.764 0.857 0.738 0.324 
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Table 2-15: Absolute frequency of detected signal maxima at different LED and detector angle 
settings 
First row: LED angles, first column: detector angles. 
 
[°] 126 127 128 129 130 
52 5 1 0 0 6 
53 7 0 0 3 1 
54 2 0 0 5 0 
55 0 0 5 8 0 
56 0 0 2 0 0 
Another aspect of miniaturization was related to the mounting of the shake flask from the 
top (Figure 2-11). This bracket required a lot of space, did not fix the shake flask 
optimally and led occasionally to glass breakage. For a simple parallelization, the 
mounting was changed to a plastic clamp, which is used as standard to attach 250 ml 
Erlenmeyer flasks to shaking trays (Figure 2-17). This clamp has both lower edge areas 
and higher protuberances. It was ensured that there is no interference between the clamp 
and the optical signal when the detector is located at the side of the low edge region. 
 
Figure 2-17: Side mounting of the detector with respect to the plastic clamp 
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Mechanical and electrical set-up of the eightfold device 
The eightfold device was realized on a standard 42·42 cm shaking tray with 4 cm hole 
circle. Since the described viscosity measurement system is supposed to be combined 
with the well-established RAMOS (Respiration Activity MOnitorong System) [47,48] in 
future, the set-up was developed in analogy to the RAMOS set-up. As a result, the 
electronical components were placed in the center of the shaking tray, while the eight 
shake flasks were positioned on its outside edge (Figure 2-18). According to RAMOS, the 
numbering of the shake flask positions started at the 1-o’clock position and proceeded 
counterclockwise. 
The height of the LED (7.0 cm) and the detector (1.3 cm) from shake flask bottom as well 
as their distance from each other (7.7. cm) were retained from the single flask set-up. To 
save space, always two LEDs facing in opposite directions were placed in one holder. 
Likewise, two detectors were located in one holder at a 90° angle to each other (Figure 
2-18 B). The technical drawings of both the LED and the detector holder were carried out 
with Inventor Professional 2016 (Figure A- 5 - Figure A- 10). 
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Figure 2-18: Transmitted light measuring set-up for eight shake flask. 
A Overall view indicating the positions of the main circuit board and the circuit board for the 
detector. B Combined holding for two LEDs and two detectors, respectively. Light source 
(LED) and detector are on opposite sides of the shake flask.  
In the center of the shaking tray the main circuit board was installed (Figure 2-18 A, 
circuit diagram see appendix Figure A- 11), at which the external power supply was 
connected and distributed. Potentiometers installed upstream of each LED enabled the 
user to adjust the light intensity. In this work, the potentiometers for the LEDs were set so 
that the current reaches 83 mA. Additionally, the signals of all detectors were collected on 
the main circuit board and forwarded by one single cable to the data acquisition module 
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outside the shaker. The detectors themselves were placed two by two on a separate circuit 
board (Figure 2-18 A, circuit diagram see appendix Figure A- 12) mounted on the holder 
of the detectors. Thus, signal noise resulting from a long cable conduit could be 
prevented. Potentiometers were also installed upstream the detectors allowing for a 
regulation of the detectors’ sensitivity. In this work, the potentiometers of the detectors 
were set to 75 kΩ. Generally, all cables were fixed in a way that cable breakage as a 
consequence of the shaking movement could be avoided. 
 
Data acquisition and evaluation  
The optical signals of all eight shake flasks as well as the Hall effect sensor signal were 
forwarded to a new data acquisition module (NI USB 6210, National Instruments, Austin, 
TX, USA). The module possesses 32 analog inputs and a maximal sampling frequency of 
250,000 S/s which is about 27,000 S/s per input when nine inputs are used in parallel.  
In addition, a new LabVIEW™ based software was developed that was able to acquire, 
process and visualize the data of nine parallel inputs. The user can switch between the 
two interfaces “Experiment” and “Settings”. The “Settings” interface is depicted in Figure 
2-19 and is used prior to a measurement. It can be decided whether the time-resolved raw 
data for each channel is intended to be saved in a LabVIEW™ specific tdms file or not. 
The time-resolved signals of subsequent rotations are converted into a rotation resolved 
signal. As with the single flask measurement, two operating modes are also available in 
this software: The single measurement (“Bis X Umdrehungen, daraus Mittelwert in txt 
speichern”) averages and saves the data of a freely selectable number of rotations. In 
contrast, the permanent measurement (“Dauerhafte Messung: Alles X min Mittelwert aus 
Y Umdrehungen) enables the user to save the average of a freely selectable number of 
rotations in self-chosen time intervals. In both cases, the desired average of rotation 
resolved data is saved in a text file named “Konti”.   
Furthermore, the number of shake flasks used in the experiment can be selected and 
precisely named. For constructional reasons, the detectors on the eight shake flasks do not 
98 Results and Discussion Chapter 2 
 
all have the same orientation as the Hall effect sensor, but offset partly by 90°, 180° or 
270°. In order to correct this offset by the software, its displacement must be indicated 
(“Gradverschiebung des Licht Sensors”). An enormous advance over the last software 
version is the fact that the previous offline evaluation of the raw signal in MATLAB® 
had now been implemented in LabVIEW™ and the leading edge angle θ could actually 
be determined online. By inserting the parameters a, b, and c of previously established 
calibration functions (section 2.3.4), also the viscosity could be obtained as online signal. 
(Note: For this software, the parameters a, b, and c have to be determined by the fit 
function } =  · t7 + 
 and not by the fit function t = (} 
)/)  as mentioned in 
section 2.3.4). In addition, characteristic numbers such as the Reynolds number, phase 
number, modified power number and the volume specific power input (section 2.1.2) are 
calculated when inserting the shaking diameter, shake flask diameter, density and filling 
volume in the “Settings” interface taking into account the correct units. A text file named 
“Results” is saved containing the aforementioned parameters when performing a 
permanent measurement. Additionally, all input parameters and status information about 
the running measurement are saved in a text file named “Log”.  
The “Experiment” interface (Figure 2-20) shows two diagrams when an experiment is 
running: In the upper diagram, the optical raw signals for all eight shake flasks are 
presented along with the Hall effect sensor signal. In the lower diagram, the determined 
leading edge angle θ as well as the calculated viscosity and the characteristic numbers can 
be plotted for all shake flasks. The drop down button on the right side enables the user to 
choose the parameter to be shown. A right click on the line symbol next to each shake 
flask permits to select whether the signal of the corresponding shake flask is displayed or 
not.  
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Figure 2-19: “Settings” interface of the LabVIEW™ software implemented for the eightfold device  
Before starting an experiment, the fields "Sample rate [1/s]" and RPM [1/min] (shaking frequency) 
need to be filled out. From this information, the time-resolved data is converted into 
rotation resolved data. Since a resolution of 0.1° is intended, 3600 data points are 
required per rotation.  
Table 2-16 indicates which sample rate must be set at which shaking 
frequency to achieve this resolution. Higher sample rates than the given ones should not 
be used as software instability might result due to the high amount of data. 
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Figure 2-20: “Experiment” interface of the LabVIEW™ software implemented for the eightfold 
device 
 
Table 2-16: Setting of the sample rate at a given shaking frequency to obtain a resolution of 0.1° 
(3600 values/rotation)  
Shaking frequency 
[1/min] 
Duration of one rotation 
[s] 
Sample rate 
[1/s] 
50 1.20 3,000 
100 0.60 6,000 
150 0.40 9,000 
200 0.30 12,000 
250 0.24 15,000 
300 0.20 18,000 
350 0.17 21,000 
400 0.15 24,000 
 
Chapter 2 Results and Discussion 101 
 
 
Comparison of single and multi-flask transmitted light measurement  
In order to verify that the transmitted light measurement in the eightfold device achieves 
comparable results as the single flask device, the leading edge angle θ was determined for 
water as well as for three PVP solutions in both systems. Thereby, one fluid was 
measured in the same shake flask in all eight positions of the eightfold device as well as 
in the single flask device (Figure 2-21). It is obvious that the obtained results for θ are in 
very good agreement for all eight positions of the eightfold device as well as in 
comparison with the single flask device. The slight deviations which arise between the 
individual positions of the eightfold device and between the eightfold and the simple 
device are due to the fact that the shake flask has not always been clamped in the same 
direction with respect to the detector (section 2.3.4, Figure 2-25). 
 
Figure 2-21: Comparison of single and multi-flask transmitted light measurement 
VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C. H2O and aqueous PVP 
solutions (% (w/w)), Pos = Position, SFD = Single flask device, LED angle: 125°, detector 
angle: 55°. Error bars represent the standard deviation from triplicates. 
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2.3.4 Calibration of θ and viscosity  
Having measured the position of a rotating fluid in a shake flask in relation to the 
direction of centrifugal acceleration, this information needed to be converted into a 
viscosity signal. Therefore, a calibration had to be performed. Usually, commercially 
available calibration standards are used for calibrating rheometers. However, most of 
these calibration standards are expensive and expire after one year [79]. Furthermore, 
commercially available standards are mostly valid for temperatures of 20°C or 25°C and 
not for cultivation temperatures such as 30°C or 37°C. Additionally, it was not yet clear 
whether the viscosity was a linear function of the leading edge angle θ of the bulk liquid. 
Therefore, a simple two-point calibration was not sufficient. Instead, various fluids were 
needed to cover a broad range of viscosity, which is why polymer solutions of different 
concentrations were used in this work. Their viscosity was determined using a 
conventional rotation rheometer. Another critical point regarding calibration standards is 
their density. Being typically mineral or silicone oils [79], calibration standards have a 
density lower than 1.0 g/mL whereas fermentation broths mainly consist of water and 
hence have a density of about 1.0 g/mL. Since it was yet unknown whether the density 
influenced the liquid distribution a number of experiments was performed on this issue.  
 
Influence of the density on the leading edge angle θ at various viscosities 
To investigate the influence of the density on the liquid distribution in shake flask at 
various viscosities, model fluids differing in density and viscosity were required. The 
model fluids had to meet the following demands: In order to cover the usual viscosity 
range of fermentations [122] in shake flasks, the stock solution were required to have a 
viscosity of about 150 mPa·s at 37°C. In addition, it had to be miscible with water to 
establish dilution series and thereby adjust the viscosity of further model fluids. 
Furthermore, the fluids should not be toxic or rapidly flammable in order to ensure safe 
working conditions in the 37°C thermoconstant room where the experimental set-up was 
placed. Finally, the vapor pressure should not be higher than that of water, otherwise a 
fast evaporation on the conventional rheometer would cause problems.  
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Aqueous PVP solutions have already been used at the chair of biochemical engineering to 
investigate the flow behavior of viscous fluids in shake flasks [111,120] and were 
therefore a good first choice. Their density is about 1.0 g/mL which is perfectly suited to 
mimic the density of fermentation broths. Dilutions series were established with 
deionized water or phosphate buffer (section 2.2.6) from a highly concentrated and 
viscous stock solution. Glycerol is a well-known highly viscous carbon source that is used 
in cultivation media. The density of pure glycerol is about 1.26 g/mL at 37°C meaning 
that it is denser than water. Being easily miscible with water and non-hazardous, it was 
chosen as a further model fluid. Finding appropriate fluids with a lower density than 
water proved to be very difficult. Solvents were too volatile, acids could only be handled 
under a fume hood and oils were not miscible with water. Therefore, fluids with a higher 
density than 1.26 g/mL were looked for. SPT (Na6[H2W12O40]) is a heavy liquid used for 
gravity separation (sink and swim analysis) and density gradient centrifugation [162–
164]. It is non-toxic, non-flammable and highly soluble in water. Depending on the 
concentration, it reaches a density of up to 3.1 g/mL (Figure A- 13). However, its 
viscosity resembles the viscosity of water. By adding PVP powder to an aqueous solution 
of SPT, the viscosity should be increased. Nevertheless, the PVP powder could not be 
solved in the aqueous SPT solutions. Instead, sucrose was added as a viscosity modifying 
agent. As a result, highly viscous fluids of high density could be established. In order to 
have as many different combinations of density and viscosity as possible, differently 
concentrated SPT stock solutions were prepared and a different amount of sucrose was 
dissolved in each of them. Then, dilution series were prepared from these initial solutions 
(section 2.2.6).Table A- 2 - Table A- 9 give an overview of all model fluids with their 
concentration, viscosity, density and pH-value. The viscosity of these model fluids was 
determined with a conventional cone-plate rheometer (section 2.2.3). 
Since the transmitted light measurement was still under construction, the experiments 
were performed using the fluorescence measuring set-up (section 2.3.1) with 2.5 µM 
fluorescein as fluorescent dye. While a good optical signal was achieved for all PVP and 
glycerol solutions, some difficulties were experienced concerning the optical signal of the 
SPT-sucrose solutions (Figure 2-22 A). In particular at high SPT content (70%, 75%, 
80% (w/w)), a strong attenuation of the fluorescence signal was observed. The attenuation 
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seemed to become stronger with increasing viscosity. Consequently, the optical signals 
could not be evaluated meaning that θ could not be determined. To rectify this problem, 
rhodamine B was used instead of fluorescein as fluorescent dye. However, the optical 
signals obtained with rhodamine B were even worse than the fluorescein signals 
regarding SPT-sucrose solutions (Figure 2-22 A). Using Oregon Green® as a fluorescent 
dye that finally solved the problem. Consequently, Oregon Green® was used for all 
further experiments. Since the pH-value of all model liquids (Table A- 2 - Table A- 9) 
was in an appropriate range for fluorescein and rhodamine B (Table 2-1), this could be 
excluded as a cause.  
In an attempt to find out which was the trouble causing element in the SPT-sucrose 
solutions, an experiment in a microtiter plate reader (section 2.2.8) was performed. For 
this purpose, all components of the SPT-sucrose solutions (0.1 M phosphate buffer, 
sucrose and SPT solutions) were tested individually for their influence on the fluorescent 
behavior of rhodamine B and fluorescein (Figure 2-22 B). Since the phosphate buffer was 
also used for the PVP and glycerol model fluids, it was unlikely to cause interferences 
with the fluorescence signal for this solution. As expected, the measured fluorescence 
intensity for phosphate buffer treated with any of the fluorescence dyes was high. 
Accordingly, a sufficiently high fluorescence signal was also measured for the sucrose 
solutions.  
However, significant impairments were detected for highly concentrated SPT solutions, 
as the fluorescence signal was nearly extinguished for both fluorescence dyes. Thus, SPT 
was identified as the cause of the poor optical measurement signals in the determination 
of θ with the fluorescence measuring set-up. The negative influence on the optical signals 
was stronger at higher viscosities (Figure 2-22 A) because of the elevated SPT content in 
these solutions. Information about the exact interference of SPT and the fluorescence 
dyes on a molecular level could not be found in the literature and was neither an object of 
investigation in this work.  
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Figure 2-22: Influence of SPT on fluorescence signal 
A Fluorescence measuring set-up (section 2.3.1), 80% (w/w) SPT with different sucrose 
concentrations, VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, 
Rh = Rhodamine B 0.01 g/L, Fl = Fluorescein 2.5 µM, OG= Oregon Green® 2.5 µM B 
Microtiter plate reader, 25 nM fluorescein, 10 pg/mL rhodamine B (section 2.2.8). Error bars 
represent the standard deviation from triplicates. 
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Concerning the actual question, namely whether the density influences the liquid 
distribution in shake flasks, experiments were performed with all previously mentioned 
model fluids (Table A- 2 - Table A- 9) using Oregon Green® as fluorescent dye. The 
dynamic viscosity was plotted as a function of the leading edge angle θ of the bulk liquid 
(Figure 2-23 A). The assumption was made that at equal viscosity an equal shift of the 
bulk liquid should take place, unless the density influences the movement. Figure 2-23 A 
clearly demonstrates that the density has a considerable influence on the liquid movement 
in shake flask since the leading edge angle θ differs significantly for fluids of different 
density but equal viscosity. This finding is logical as a change in density leads to a change 
in mass at a constant volume (here: filling volume of shake flask). As a result, the 
centrifugal force increases with increasing density and decreases with decreasing density. 
Due to the higher centrifugal force, heavy fluids show a smaller shift of the bulk liquid 
compared to light fluids at the same viscosity. The data points for the stock solutions SPT 
40%, 50%, 60% and 70% (w/w) are all very close to each other. However, their densities 
do not differ as much as the density of the other fluids which might explain this behavior 
(Figure 2-23 B). It was extremely difficult to adjust density and viscosity independently 
of one another and to keep the density constant within a dilution series. Nevertheless, it is 
clear from the results that the density influences the liquid movement in the shake flask. If 
the kinematic viscosity ( = t/, Equation 2.4) is plotted instead of the dynamic 
viscosity as function of the leading edge angle θ of the bulk liquid, the data points 
perfectly match in the low viscosity range and only diverge a little in the high viscosity 
range (Figure 2-23 C). This might be due to pipetting errors both in the optical as well in 
the density measurement. Additionally, the shake flask itself influences the measurement 
(section 2.3.4, Figure 2-25). Still, a density independent calibration can be established by 
using the kinematic instead of the dynamic viscosity. 
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Figure 2-23: Influence of the density on the leading edge angle θ of the bulk liquid 
Fluorescence measuring set-up, Oregon Green® 2.5 µM, VK = 250 mL, VL = 20 mL, n = 350 
rpm, d0 = 50 mm, T = 37°C, for model fluids (weight percent) and dilution series see Table A- 
2 - Table A- 9) A Dynamic viscosity as function of the angle θ. B Density changes in 
dependence on viscosity. C Kinematic Viscosity as function of the angle θ.   
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Reproducibility 
As a consequence of the experiments investigating the density influence, all further 
calibrations were performed with PVP solutions as model fluids, since their density 
matches the density of fermentation broths. In consecutive experiments, the leading edge 
angle θ of the bulk liquid was determined for PVP solutions of different concentrations 
with the transmitted light measuring set-up. In parallel, the viscosity of these fluids was 
measured with a conventional rheometer (section 2.2.3) and plotted as a function of the 
leading edge angle θ (Figure 2-24).  
 
Figure 2-24: Calibration of viscosity and θ with low reproducibility 
Transmitted light measuring set-up for a single shake flask, PVP solutions of different 
concentrations, VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, LED angle: 
124°, detector angle: 55°.   
In each of the four test series, another randomly selected glass flask of the 30 available 
numbered glass flasks (section 2.2.1) was used. Up to a viscosity of approximately 40 
mPa·s, the measured values of θ are nearly identical in all of the four test series. 
However, the values diverge at higher viscosities and differences of up to 10° were 
observed for θ. It was expected that at equal viscosity an equal shift of the bulk liquid 
takes place. Conversely, these results clearly reveal that the reproducibility of the 
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calibration was poor. In order to identify possible sources of error, the influence of the 
individual shake flask on the determination of θ was examined (Figure 2-25). 
 
Figure 2-25: Influence of the shake flask on the determination of θ 
Transmitted light measurement set-up for a single shake flask, H2O, VK = 250 mL, VL = 20 
mL, n = 350 rpm, d0 = 50 mm, T = 30°C, LED angle: 121°, detector angle: 55°, error bars 
represent the standard deviation from triplicates. 
For that purpose, a shake flask was mounted on the measuring set-up and filled with 
water. While being mounted, the shake flask was rotated cautiously in steps of 90° on its 
longitudinal axis until it reached the initial position. In each position θ was determined. 
The process was repeated with four additional shake flasks. The results clearly show that 
not only different shake flasks, but also the position in which the individual flask is 
mounted on the measuring set-up has an influence on θ. For example, shake flask 25 
exhibits a difference of almost six degrees in θ when it is rotated by 180. It is assumed 
that the measured differences in θ result from manufacturing-related differences in the 
wall thicknesses of the shake flasks. These led to slightly changed optical conditions 
between two measurements. Alternatively, experiments were performed with plastic 
shake flasks (4103-0250, Thermo Fisher Scientific Inc., Waltham, USA), resulting in 
strongly fluctuating raw signals due to their hydrophobic surface, though. Therefore, the 
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experiments were continued with glass flasks. However, when performing calibrations, 
only one glass flask was used in one position.  
Another potential source of error leading to non-reproducible results was the accurate 
pipetting of highly viscous fluids. The fluids enter the pipette more slowly and adhere to 
the outside wall of the tip. Additionally, they leave a film on the inside wall during 
dispensing and thus cannot be expelled completely. In order to illustrate the differences in 
θ resulting from a volume difference of 1 mL, experiments were carried out with water 
(Figure 2-26). For the experiments, a shake flask was mounted in a fixed position and 
filled with 19 mL of water. Then θ was determined and 1 ml of water was added twice in 
succession, so that neither the shake flask nor its position had to be changed. As Figure 
2-26 shows, a volume difference of 1 mL led to differences in θ of about 1-2°. When 
pipetting highly viscous fluids, even larger volume differences might appear. To avoid 
this potential source of error, the correct volume was weighed into the shake flask instead 
of pipetted in all subsequent calibrations. 
 
Figure 2-26: Influence of the filling volume on the determination of θ 
Transmitted light measurement set-up for a single shake flask, H2O, VK = 250 mL, n = 350 
rpm, d0 = 50 mm, T = 30°C, LED angle: 121°, detector angle: 55° 
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After using one shake flask in one position and weighing the volume of the model fluids, 
there were still differences in θ. The wetting property of the flasks inside wall was 
considered as a possible cause. Borosilicate glass consists mainly of silicone dioxide and 
is usually hydrophilic due to hydroxyl groups on the surface. However, metal ions can 
replace the hydrogen atoms of the hydroxyl groups and lead to undefined wetting 
properties. In order to recover the hydrophilic properties and create identical conditions in 
all flasks, the flasks were boiled with nitric acid (section 2.2.9). Calibrations were carried 
out again with the hydrophilized flasks. Finally, after using one hydrophilic shake flask in 
one position within a calibration and weighing the volume instead of pipetting it, 
reproducible calibrations could be established (Figure 2-27, open symbols). In 
comparison to the first calibration data set (Figure 2-27, closed symbols), which was 
realized with untreated shake flasks without weighing the volume and considering the 
position, a significant improvement was achieved. The slight differences, which still 
occur, were attributed to the different wall thickness of the flasks. In this case, however, a 
flask-specific offset could be determined enabling a mathematical correction with respect 
to cultivation processes (section 2.3.5). Since there was no way of checking when the 
glass flask lost its hydrophilic surface, the flasks were re-hydrophilized whenever 
reproducibility was no longer satisfactory.  
 
Figure 2-27: Calibration of viscosity and θ with high reproducibility 
Transmitted light measuring set-up for a single shake flask, PVP solutions of different 
concentrations, VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, LED angle: 
124°, detector angle: 55°. Shake flask 5 was twice used for investigation.  
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Calibration functions  
After reproducibility could be ensured, calibrations were established as triplicates for 
various combinations of shaking parameters (Figure 2-28). Since alterations of the filling 
volume, shaking frequency and shaking diameter influence both the centrifugal as well as 
the friction force, a dependency of the calibrations on these parameters was expected. 
While different shaking frequencies caused only minor variations in the calibration 
functions, varying filling volumes led to significant differences in the slope when keeping 
all other parameters constant. This might be explained by the significantly changed 
friction surface. At filling volumes of 10 mL, already minor changes in viscosity 
provoked a large displacement of the bulk liquid. This phenomenon was even enhanced 
regarding the shaking diameter: Using a shaking diameter of 25 mm (Figure 2-28 A) 
resulted in a considerably larger shift of the bulk liquid in comparison to a shaking 
diameter of 50 mm (Figure 2-28 B) under the same conditions. In general, a low filling 
volume, a slow shaking frequency and a small shaking diameter led to a larger shift of the 
bulk liquid.  
Consequentially, the opportunity is provided to adjust the sensitivity of the viscosity 
measurement by the skillful selection of shaking parameters. However, the dependence of 
the calibration on the shaking parameters simultaneously means that a new calibration 
must be carried out for each combination of shaking parameters that is chosen for a 
biological cultivation. In addition, the shaking parameters also influence substantially the 
critical viscosity (represented by the dashed lines in Figure 2-28) at which the out-of-
phase phenomenon occurs (section 2.1.2). At a shaking diameter of 25 mm (Figure 2-28 
A) and a filling volume of 10 mL, the critical viscosity is lower than 10 mPa·s meaning 
that fermentations with higher viscosities cannot be performed with this set of shaking 
parameters. Although most calibrations show that reasonable values can be obtained even 
beyond the critical viscosity, it is nevertheless advisable to remain in the safe in-phase 
operating range in order to ensure adequate mixing, oxygen and nutrient transfer. 
Therefore, when selecting shaking parameters, care must also be taken to guarantee an in-
phase operating conditions.  
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In order to obtain a gapless correlation between viscosity and θ, the measured data points 
of each calibration were fitted. For most calibrations, a root function t = (} 
)/)  
was found as a suitable mathematical relationship. Only for d0 = 25 mm, VL = 10 mL and 
n = 300 or 350 rpm a linear relationship was more suitable. However, the low data range 
concerning this combination of shaking parameters must be taken into account. Fit 
parameters for all functions are listed in Table A- 13 and Table A- 14. After successful 
calibration, viscosity can be calculated from the measured leading edge angle θ and the 
system can be used for monitoring the viscosity of arbitrary cultivations.  
 
Figure 2-28: Calibration of viscosity and θ for varying shaking frequencies and filling volumes 
Multi-flask transmitted light measuring set-up, PVP solutions of different concentrations, 
VK = 250 mL, T = 30°C. Error bars represent the standard deviations from triplicates. Dashed 
lines indicate critical viscosities ηkrit according to Büchs et al.[111]. At higher values, the out-
of-phase phenomenon may interfere with the measurement. A d0 = 25 mm B d0 = 50 mm. 
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2.3.5 Validation of the online monitoring technique by performing viscous 
cultivations  
Having established the experimental set-up for a multi-flask measurement device as well 
as reproducible calibration functions, first biological experiments were performed to test 
the applicability of the device. For validation, the online viscosity signal was compared to 
offline measured viscosity values using a conventional rheometer. Viscous fermentation 
broths can either result from the filamentous growth of fungi or from viscous products 
such as biopolymers. Therefore, the fungus Trichoderma reesei and the 
exopolysaccharide producing bacteria Paenibacillus polymyxa and Xanthomonas 
campestris served as biological model systems. Since the following experiments focused 
on the validation of the online monitoring technique and not on the characterization of the 
biological behavior no offline analysis except for viscosity measurement was performed. 
Discussions on the metabolism of organisms are therefore only possible to a limited 
extent based on respiratory activity [47,48] or literature data. 
 
Trichoderma reesei 
Trichoderma reesei is a mesophilic and filamentous growing fungus, whose cellulase and 
hemicellulase production is of industrial relevance in the conversion of plant biomass 
(cellulose) to glucose [165,166]. The cultivation of the fungus performed using the single 
flask transmitted light measurement device since the multi-flask device was still under 
construction at that time. Nevertheless, the comparison of online and offline measured 
viscosity was equally possible as both devices are based on the same measuring principle.  
During the first 30 hours of fermentation time, Trichoderma reesei shows a long lag 
phase indicated by the OTR being almost zero (Figure 2-29 A). Thereafter, the OTR rises 
steeply until its slope diminishes at 48 hours. This change in slope was described by 
Anderlei and Büchs. [47] to be caused by an inhibition, for example a pH inhibition. After 
approximately 62 hours, the OTR drops probably due to carbon source depletion.  
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Figure 2-29: Cultivation of Trichoderma reesei RUT-C30 with simultaneous online monitoring of 
viscosity and offline sampling 
VK = 250 mL, n = 350 rpm, d0 = 50 mm, VL = 20 mL, T = 30°C, modified Pakula medium 
with 50 g/L glucose and 100 mM PIPPS buffer A Oxygen transfer rates. For reasons of 
readability, only one in two data points is shown B Offline measured viscosity values and 
online viscosity signal determined by the single shake flask measuring set-up (transmitted 
light). Every 30 minutes, }̅.**.- was determined from 100 rotations and converted into a 
viscosity value by using the calibration function (Figure 2-28). For reasons of readability, 
only one in two data points is shown for the online signals. LED angle was set to 125°, the 
detector angle to 55°. Between 12 and 25 hours, data points are missing due to software 
instabilities. Concerning the offline measurement, samples were measured at a rotation 
rheometer equipped with parallel disks.  
Similar to the OTR, the online viscosity signal shows hardly any increase during the first 
30 to 36 hours. Subsequently, it increases to a value of about 25 mPa·s until it becomes 
level at approximately 62 hours. The slight decrease at the end of the cultivation might be 
explained by morphological changes in the stationary phase. 
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Compared to the online signal, the offline signal shows no continuous sequence but 
extreme fluctuations. This fact is based on the difficulty of measuring particulate systems 
such as mycelial fermentation broths with parallel disks [118]. As a rule, the gap size 
between the two parallel disks should exceed the particle size several times [167]. For a 
fungal cell size of about 10 µm [168], the gap size was adjusted to 0.1 mm. However, the 
photos in Figure 2-30 clearly demonstrate that the fungal hyphae were destructed by 
shearing between the two plates. Particles being in the order of magnitude of the gap size 
are known to be damaged during the measurement [86,118]. Since the size of the total 
fungal hyphae is in the range of 100-1000 µm [98], the superstructure matches or even 
exceeds the gap size and is thus destroyed. However, increasing the gap size to an extent 
of 1 mm was not possible, since the suspension would drain off the gap due to reduced 
adhesion forces and surface tension [167]. A stronger increase in gap size would even 
result in no contact between the rotating upper plate and the sample. The possibility of 
using concentric cylinders instead of parallel disks was rejected as a sample volume of 21 
mL is required in that case. Due to the aforementioned problems with the conventional 
rheometer, the validation of the online viscosity measurement device was not practicable 
using fungi with filamentous growth.  
 
Figure 2-30: Rheometer measurement of Trichoderma reesei cultivation broth using parallel disks  
Fungus mycelium is destroyed by shearing between the two plates. T = 30°C, gap size = 0.1 
mm  A During measurement B After measurement  
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Paenibacillus polymyxa 
Since filamentous growing fungi were not suitable as model organisms, biological 
cultivations with viscous product formation, namely biopolymer production, were carried 
out. Paenibacillus polymyxa, formerly known as Bacillus polymyxa, is a gram-positive, 
endospore forming bacterium that produces exopolysaccharides [169]. Being important 
for biofilm formation [170] and plant root colonization [171], these exopolysaccharides 
lead to highly viscous fermentation broths. Hence, Paenibacillus polymyxa was chosen as 
model organism to test the online monitoring of viscosity during fermentation and 
validate the device. 
Since there was no experience with respect to reasonable cultivation conditions and 
shaking parameters, the organism was first cultivated at 300 rpm with varying filling 
volumes to investigate a probable influence of oxygen limitation on the polymer 
production (Figure 2-31). However, as the maximum oxygen transfer capacity [172] was 
not reached for any of the different filling volumes (Table 2-17), no oxygen limitation 
and its possible influence on polymer production could be detected in this fermentation. 
Until a cultivation time of 12 hours the progress of the oxygen transfer rate (OTR) was 
nearly identical for all volumes. The OTR increased to a value of 12 mmol/L/h until 10 
hours and steeply dropped until it reached a plateau after 12 hours. After the drop, the 
signals of the duplicates diverged which is discussed in the following section. 
 
Table 2-17: Maximum oxygen transfer capacities calculated according to Meier [172] 
VK = 250 mL, n = 300 rpm, d0 = 50 mm, T = 30°C, MM1P100 medium  
(osmolality: 0.171 osmol/kg) 
Filling volume 
[mL] 10 20 30 40 
Maximum oxygen transfer capacity 
[mmol/L/h] 65 38 28 22 
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Figure 2-31: First cultivation of Paenibacillus polymyxa DSM 365 at 300 rpm and varying filling 
volumes 
VK = 250 mL, n = 300 rpm, d0 = 50 mm, T = 30°C, MM1P100 medium with 30 g/L glucose. 
A first set of shake flasks was used for sampling after 21.5 hours of fermentation time (open 
symbols). The second sample was taking at the end of the experiment at 45 hours (closed 
symbols). A Oxygen transfer rates. For reasons of readability, only one in two data points is 
shown. B Viscosity curves of samples after 21.5 and 45 hours. Due to extremely strong 
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foaming, no Viscosity curve was taken for a volume of 10 mL. C Apparent viscosity of the 
samples after 21.5 and 45 hours according to Giese et al. [120]. 
After 21.5 hours of cultivation time, four of the RAMOS shake flasks with different 
filling volumes were used for sampling. It was noticed that the shake flask with a filling 
volume of 10 mL did no longer contain any culture broth however only consisted of foam 
(Figure 2-32 A). The corresponding OTR signal was extremely noisy since hour 11 of 
fermentation time and is hence only shown until then. At 25 hours, the culture broth in the 
second shake flask containing a volume of 10 mL turned also completely into foam, as 
was noticed by visual inspection. The corresponding OTR signal was higher than the 
other OTR signals. The culture broth in the sample shake flasks with 20 and 30 mL of 
filling volume did not show any foam however a strong blistering was observed (Figure 
2-32 B). Also for these two shake flasks the OTR signals differed from the other OTR 
signals for 20 and 30 mL of filling volume which might be explained by the blistering and 
upcoming foaming, respectively. Only the shake flask containing 40 mL of filling volume 
did not show any anomalies with respect to the culture broth and OTR signal. Since 
Paenibacillus polymyxa is known to produce surfactants such as the lipopeptide 
polymyxin [173,174], these surface-active biomolecules are supposed to be the reason for 
the foam formation. Evaluating the results of this experiment it was assumed that foam 
formation is more likely to occur at low filling volumes. This assumption was confirmed 
in further experiments along with the fact that cultivations at high shaking frequencies are 
more prone to result in foam formation (data not shown).  
 
Figure 2-32: Foam formation and blistering in RAMOS shake flasks used for sampling after 21.5 
hours 
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Paenibacillus polymyxa DSM 365 cultivation, VK = 250 mL, n = 300 rpm, d0 = 50 mm, T = 
30°C, MM1P100 medium with 30 g/L glucose. A VL = 10 mL, foam formation. B VL= 20 
mL, blistering.  
Samples taken at 21.5 hours and at the end of the fermentation (45 hours) were analyzed 
with respect to their viscosity using a conventional rheometer. Figure 2-31 B depicts the 
entire viscosity curves while Figure 2-31 C shows the apparent viscosity for the given 
shaking conditions calculated according to Giese et al. [120]. At low filling volumes, the 
measured viscosity was lower than at high filling volumes independent from the shear 
rate. Except for a volume of 40 mL, viscosity seemed to decrease from 21.5 hours to 45 
hours of fermentation time. Generally, the obtained viscosity values were lower than 
expected. 
As a consequence of the first experiment with Paenibacillus polymyxa, appropriate 
cultivation conditions had to be found. In addition to avoiding foam formation (low 
shaking frequencies, high filling volumes), sufficient oxygen supply (high shaking 
frequencies, low filling volumes) [50,113,175] as well as in-phase operating conditions 
(high shaking frequencies, high filling volumes) [111] had to be ensured. As a first set of 
parameters a shaking frequency of 150 rpm and filling volumes of 20 and 30 mL were 
chosen. The resulting maximum oxygen transfer capacities were calculated to be 17 and 
13 mmol/L/h, respectively [172], which should not lead to oxygen limitation due to the 
OTR curves depicted in Figure 2-31. The corresponding critical viscosities which might 
lead to out-of-phase operating conditions were 53.3 and 93.6 mPa·s, respectively. 
With this new set of shaking parameters, a cultivation of Paenibacillus polymyxa was 
performed monitoring respiration activity as well as viscosity online (Figure 2-33). No 
offline samples were taken since this experiment served to identify appropriate cultivation 
conditions with respect to foaming, oxygen supply and in-phase operating conditions. 
During the whole experiment, no foam formation was observed meaning that the selected 
shaking conditions were appropriate regarding this issue. Using the multi-flask 
transmitted light measurement, the increase in viscosity was monitored online for this 
fermentation of Paenibacillus polymyxa. Raw signals of the online viscosity measurement 
for the entire cultivation are depicted in Figure 2-33 C. Every 15 minutes the mean of the 
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last 100 rotations was taken. The steep decrease in the signal sequence indicating the 
leading edge of the bulk liquid shifts with fermentation time. Additionally, signal 
intensity decreases with time due to an increasing liquid film on the shake flask wall 
[122], as can be especially noticed in the horizontal signal part. From the raw signals, θ 
was determined and converted into a viscosity value by using the corresponding 
calibration function (Figure 2-28). Although the information was not confirmed by 
sampling and offline measurement at a conventional rheometer - contrary to the first 
cultivation - the culture broth became highly viscous this time according to the online 
signal and verified by visual inspection.  
For both volumes, the OTR sequence was absolutely identical, as expected (Figure 2-33 
A). The signal increased within the first 10 hours until it reached a value of about 
15 mmol/L/h. Although the calculated maximum oxygen transfer capacity for the filling 
volume of 30 mL was 13 mmol/L/h, no oxygen limitation was visible in the OTR curve. 
There were three reasons for explanation: First, the deviations were within the measuring 
accuracy of the RAMOS system. Second, the calculations of the maximum oxygen 
transfer capacities were based on an empirical and not an analytical equation, meaning 
that the solution is an approximation. Third, Giese et al. [122] showed that there is a 
positive effect of elevated viscosity up to 10 mPa·s on the OTR. Since the viscosity signal 
starts to increase at exactly the same time, the third reason might also be a valid 
explanation. Similarly to the experiment at 300 rpm (Figure 2-31), the OTR dropped after 
10 hours. However, it reached a plateau at an OTR value of about 9 mmol/L/h. 
Simultaneously with the OTR drop, the online viscosity signal increased (Figure 2-33 B). 
Exopolysaccharide production by microorganisms is known to be favored by nutritional 
limitation [176] which led to the assumption that the OTR decrease might have been 
caused by a secondary substrate limitation. After being constant for about 3-4 hours, the 
OTR signal continued to drop to a value of about 4 mmol/L/h at 21 hours. At this point, a 
small increase in OTR was noticeable before the signal steadily decreased until the end of 
the experiment. Concurrently to the small OTR increase at 21 hours, the viscosity signal 
started to decrease. It was described by Lee et al. [177] that the exopolysaccharide 
produced by Paenibacillus polymyxa is degraded upon nitrogen limitation. This result 
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was confirmed by fermentation data of Rütering et al. [150], which led to the assumption 
that nitrogen might have been exhausted at 21 hours of fermentation time.  
 
  
Figure 2-33: Cultivation of Paenibacillus polymyxa DSM 365 at 150 rpm and two filling volumes with 
simultaneous online monitoring of viscosity  
VK = 250 mL, n = 150 rpm, d0 = 50 mm, T = 30°C, MM1P100 medium with 30 g/L glucose. 
A Oxygen transfer rates. For reasons of readability, only one in two data points is shown. B 
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Online viscosity signal. Every 15 minutes, }̅ was determined from 100 rotations and 
converted into a viscosity value by using the calibration function (Figure 2-28). For reasons 
of readability, only one in four data points is shown. C Raw signals of the online viscosity 
measurement for the entire cultivation with a volume of 30 mL. Every 15 minutes, the mean 
of the last 100 rotations was taken and is plotted here.  
Figure 2-34: Cultivation of Paenibacillus polymyxa DSM 365 at 150 rpm and two filling volumes with 
simultaneous online monitoring of viscosity and offline sampling 
VK = 250 mL, n = 150 rpm, d0 = 50 mm, T = 30°C, MM1P100 medium with 30 g/L glucose. A, B Oxygen 
transfer rates. For reasons of readability, only one in two data points is shown C, D Online viscosity signal 
and offline measured viscosity values. Every 15 minutes }̅ was determined from 100 rotations and 
converted into a viscosity value by using the calibration function (Figure 2-28). For reasons of readability, 
only one in four data points is shown for the online signals. Concerning the offline measurement, always 
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two shake flasks (flask A, flask B) were used for samples taking. Cultivation broth was taken twice from 
each shake flask for viscosity measurement. Phase numbers demonstrating in- (Ph>1.26) and out-of-phase 
(Ph<1.26) operating conditions were calculated from the offline measured viscosity values. E, F Selected 
raw signals of the online viscosity measurement during cultivation. Every 15 minutes, the mean of the last 
100 rotations was taken and is plotted here.  
The viscosity measured by the online measuring technique by far exceeded the critical 
viscosities (53.3 and 93.6 mPa·s) for the given shaking conditions and filling volumes of 
20 and 30 mL. Despite surpassing the calculated in-phase operating range with respect to 
the viscosity, the obtained online signals appeared to be reliable and were not noisy. A 
comparison with the calibration functions in Figure 2-28 shows that reasonable signals 
beyond the critical viscosity were also obtained for model fluids. Therefore, this 
experiment was repeated with parallel offline sampling to compare the online and offline 
measured viscosity values (Figure 2-34) this time. As in the experiment before, no foam 
formation was observed and the OTR sequence as well complied with the previously 
measured signal (Figure 2-34 A, B). The online measured viscosity signals also 
resembled those in the experiment before (Figure 2-34 C, D). With a delay of about 6 
hours to the OTR, the viscosity signals increased to approximately 200 (20 mL) and 275 
mPa·s (30 mL). The viscosity signal for the shake flasks with a filling volume of 20 mL 
then showed a noisy plateau for about 5 hours. Having a closer look on the raw signals for 
this time span (Figure 2-34 E), it was obvious that the system turned out-of-phase. The 
steep decrease in signal indicating the leading edge of the bulk liquid diminished and was 
replaced by a slow and very round decrease (Figure 2-34 E, signal for 8, 9, 10 hours). 
Finally, the signal nearly resulted in a horizontal line (Figure 2-34 E, signal for 11 and 12 
hours). At this time, the liquid’s position in the shake flask was shifted by about 120° in 
comparison to its initial position (0 hours), leading to a complete collapse of its 
movement. As soon as the polymer was degraded again, viscosity decreased. 
Consequently, the bulk liquid started to rotate again and the normal signal shape returned 
(Figure 2-34 E, signal for 13 hours). In comparison, the online viscosity signal of the 
shake flasks with 30 mL filling volume did not show a noisy plateau, since the system did 
not turn out-of-phase here according to the raw signals ((Figure 2-34 F). The phase 
numbers (Figure 2-34 C, D) for both the cultivation with 20 and 30 mL of filling volume 
were calculated from the offline measured viscosity values, since these values have been 
Chapter 2 Results and Discussion 125 
 
 
obtained by a validated viscometer. They indicated that the systems should have been out-
of-phase for a longer time than actually observed by the online signals. The deviations 
could be explained by the fact that the calculation of the phase number was based on an 
empirical equation which was obtained by fitting more than 1000 data points [111]. 
Hence, the value of Ph = 1.26 is not a strict boundary but a guidance.  
The focus of the experiment shown in Figure 2-34  was the comparison of online and 
offline measured viscosity values. Concerning the offline measurement, always two shake 
flasks (flask A, flask B) were used for sampling at intervals of three hours. Cultivation 
broth was taken twice from each shake flask for viscosity measurement. Due to the two 
filling volumes and fourfold determination of viscosity, sampling took about 1.5 hours. 
Although the shake flasks for sampling were stored unshaken at room temperature, 
exopolysaccharide production seemed to continue as viscosity increased between first and 
second measurement from identical flasks (Figure 2-34 C, D). Correspondingly, sampling 
time was adjusted according to the measurement on the conventional rheometer. With 
respect to qualitative analysis, the online measured signal sequence of the viscosity 
resembled the offline samples. However, the offline signal was shifted in comparison to 
the online signal. Also, the increase in viscosity showed a different slope so that the 
offline signal was stronger inclined. Using hydrophilized shake flasks for the online 
measurement and untreated ones for the offline measurement, different surface properties 
were considered to be a possible cause of the observed differences between the two 
signals. To address this issue, oxygen transfer rates as well as online viscosity signals of 
untreated and hydrophilized shake flasks were compared for a cultivation of 
Paenibaciluss polymyxa (Figure 2-35). Since the OTR and the viscosity signals were 
identical for the differently treated shake flasks, it was disproven that the different surface 
properties caused the deviations in the online and offline viscosity. However, in order to 
exclude differences of either biological or physical nature between online and offline 
shake flasks, samples were taken directly from the online monitored shake flasks in the 
next experiment. 
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Figure 2-35: Comparison of untreated and hydrophilic shake flasks by means of oxygen transfer 
rates and online viscosity signals for a Paenibacillus polymyxa DSM 365 cultivation  
VK = 250 mL, n = 150 rpm, d0 = 50 mm, T = 30°C, MM1P100 medium with 30 g/L glucose. 
A, B Oxygen transfer rates. For reasons of readability, only one in two data points is shown. 
C, D Online viscosity signal. Every 15 minutes, }̅ was determined from 100 rotations and 
converted into a viscosity value by using the calibration function (Figure 2-28). For reasons 
of readability, only one in four data points is shown. 
In the next experiment, only the higher filling volume of 30 mL instead of 20 and 30 mL 
was used to avoid out-of-phase operating conditions. In addition, the shaking frequency 
was increased to 200 rpm. Since exopolysaccharide production has been described to be 
reduced with the reduction of carbon source [177], the glucose concentration was lowered 
to 17.5 g/L instead of 30 g/L. Due to the decreased amount of glucose, the total 
fermentation time was shortened to 24 hours instead of 46 hours (Figure 2-36). As in the 
previous experiments, the OTR increased within the first six hours to a value of 16 
mmol/L/h. Thereafter, it first slowly dropped until 13 hours of fermentation time. Then a 
sudden steep decrease was observable from 8 mmol/L/h to 4 mmol/L/h. From then on, the 
OTR nearly stayed constant until the end of the fermentation (Figure 2-36 A).  
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Regarding the online viscosity signal, the maximum viscosity was reduced from 275 
mPa·s (Figure 2-33, Figure 2-34) to 175 mPa·s. Along with the increased shaking 
frequency the lower viscosity successfully ensured in-phase operating conditions 
throughout the whole cultivation as indicated by the phase number (Figure 2-36 B) and 
online raw signals (data not shown). During this cultivation, samples were taken from 
both online and offline shake flasks. Since the online viscosity signal strongly depends on 
the filling volume (Figure 2-28), the signal of online shake flasks used for sampling was 
no longer considered after the time of sampling. Both, the online and offline viscosity 
signals started to increase at six hours of fermentation time, reached their peak at about 12 
hours and thereafter decreased again. Unlike the previous experiment, there was no offset 
between the online and offline measured viscosity. Cultures growing in offline shake 
flasks showed a slightly longer lag phase than the cultures growing in the online 
monitored shake flasks. Their x-values were adjusted correspondingly. Except for four 
values, the online viscosity signal perfectly matched the offline measured viscosity 
values. Only for viscosity values higher than 120 mPa·s deviations occured between the 
online and offline measured signals. The online viscosity signal was approximately 30 
mPa·s higher than the offline signal in this range. Possible causes were not known at this 
point and must be investigated by further experiments, also with other microorganisms. 
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Figure 2-36: Cultivation of Paenibacillus polymyxa DSM 365 at 200 rpm with simultaneous online 
monitoring of viscosity and offline sampling 
VK = 250 mL, n = 150 rpm, d0 = 50 mm, VL = 30 mL, T = 30°C, MM1P100 medium with 
17.5 g/L glucose. A Oxygen transfer rates. For reasons of readability, only one in two data 
points is shown B Online viscosity signal and offline measured viscosity values. Every 15 
minutes }̅ was determined from 100 rotations and converted into a viscosity value by using 
the calibration function (Figure 2-28). For reasons of readability, only one in four data points 
is shown for the online signals. Concerning the offline measurement, samples were taken 
from both online and offline shake flasks. Phase numbers demonstrating in- (Ph>1.26) and 
out-of-phase (Ph<1.26) operating conditions were calculated from the offline measured 
viscosity values. 
 
Xanthomonas campestris 
After having shown that the online viscosity measurement successfully resembled offline 
measured viscosity values in a cultivation of Paenibacillus polymyxa, another polymer 
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producing microorganism was investigated for further validation. Xanthomonas 
campestris is a gram-negative bacterium known to cause a variety of plant infections 
including the most destructive black rot [178]. Being a natural producer of xanthan-gum, 
this organism is commercially used for exopolysaccharide production [99]. Since this 
polymer formation results in a viscous fermentation broth, Xanthomonas campestris was 
a suitable organism to be monitored by the online viscosity measuring system. Moreover, 
by using a cultivation protocol existing at the chair of biochemical engineering, a time-
consuming search for correct cultivation conditions and shaking parameters could be 
avoided. 
During the first 8 hours, the OTR increased slowly before it switched to a steep increase 
due to exponential growth (Figure 2-37). At about 12 hours of fermentation time, the 
maximum oxygen transfer capacity of 34 mmol/L/h (according to Meier et al. [172], 
osmolality for the GY medium: 0.481 osmol/kg) was achieved resulting in an oxygen 
limitation. Favoured by the increasing liquid film on the shake flask wall and the 
subsequent enhanced oxygen supply [122], a brief, small increase in the OTR was 
observed before the signal became level. After about 26 hours, the OTR dropped, most 
probably due to glucose depletion. 
Since uneven temperature distribution in the 30°C room was considered to be a possible 
reason for the deviations between samples from online monitored shake flasks and offline 
shake flasks in the cultivation of Paenibacillus polymyxa (Figure 2-36), a ventilator was 
set up in the room to ensure a consistent temperature distribution. Nevertheless, samples 
were again taken from both types of shake flasks during cultivation (Figure 2-37). As 
before, the online viscosity signal was no longer considered after the time of sampling. 
Both viscosity signals rise approximately after 12 hours at the beginning of the oxygen 
limitation. They steadily increase until 24 hours resulting in a maximal viscosity of about 
30 mPa·s. For the entire experiment, the online and offline measured viscosity values do 
coincide perfectly. Additionally, the offline measured values from online monitored shake 
flasks and from offline shake flasks also matched very well. Although the viscosity 
reached a significantly lower value in this cultivation compared to the experiments with 
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Paenibacillus polymyxa, it was nevertheless proven that the presented online viscosity 
measurement works very well.  
 
 
Figure 2-37: Cultivation of Xanthomonas campestris pv. campestris B100 with simultaneous online 
monitoring of viscosity and offline sampling 
VK = 250 mL, n = 300 rpm, d0 = 50 mm, VL = 20 mL, T = 30°C, GY medium A Oxygen 
transfer rates. For reasons of readability, only one in two data points is shown. B Online 
viscosity signal and offline measured viscosity values. Every 15 minutes }̅ was determined 
from 100 rotations and converted into a viscosity value by using the calibration function 
(Figure 2-28). For reasons of readability, only one in four data points is shown for the online 
signals. Concerning the offline measurement, samples were taken from both online and 
offline shake flasks. Since there were only eight online monitored shake flasks, sampling 
from these vessels started later (12 hours) than from the offline shake flasks (0 hours). Phase 
numbers demonstrating in- (Ph>1.26) and out-of-phase (Ph<1.26) operating conditions were 
calculated from the offline measured viscosity values. 
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In order to summarize the results of the biological experiments with respect to viscosity, a 
parity plot (Figure 2-38) was created in which the viscosity measured online and offline is 
plotted against each other. If a linear function is fitted through all the data points, a slope 
of 0.82 is obtained, which already approaches the bisector with a slope of 1. A better 
result is achieved when the last four data points (see deviations Figure 2-36) are 
neglected. With a slope of 0.93, this linear fit emphasizes that the online measurement 
technique works reliably in the range up to approx. 120 mPa·s and achieves excellent 
results. Thus, a process monitoring is enabled which was up to now only possible by 
time-consuming sampling. 
 
Figure 2-38: Parity plot of online and offline measured viscosity 
Data taken from the cultivation of Paenibacillus polymyxa (Figure 2-36) and Xanthomonas 
campestris (Figure 2-37). For the “Linear fit selected data” (dashed grey line) the last four 
data points were neglected.  
Correction of the shake flask wall influence in biological cultivations 
by start point calibration  
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As it was already noticed when dealing with the reproducibility of calibrations (section 
2.3.4), the individual shake flasks all differ in their wall thickness (Figure 2-25) due to the 
manufacturing process. Similarly, these differences also influence the online monitoring 
of viscous cultivations. Exemplarily, this phenomenon is illustrated by means of the 
recently shown Xanthomonas campestris cultivation (Figure 2-37). At identical 
conditions, the signals of the eight shake flasks in the device show exactly the same 
qualitative course, however, they are vertically offset from one another (Figure 2-39 A). 
This issue can be addressed by performing a start point calibration and correcting the 
shake flask specific offset manually after the cultivation. The procedure works as follows: 
1) Measure the viscosity of the initial sample (t = 0 h) on a conventional rheometer 
while the onlne measuring technique determines the corresponding angle θ. 
2) Use the calibration function valid for the selected shaking conditions to calculate 
which angle θ would be equivalent to the measured viscosity. 
3) Calculate the difference to the shake flask specific angle θ determined by the 
software in 1). 
4) Adjust the parameter “c” from the fit (section 2.3.4) by this factor.  
5) Convert the angles θ determined during the cultivation process into viscosity 
values by using the calibration function with the adjusted parameter c.  
Figure 2-39 B demonstrates clearly that the signals coincide much better after the 
correction than before. Alternatively, if a conventional rheometer is not available, the 
shake flask’s offset can also be determined by performing a measurement with a fluid of 
known viscosity at the respective temperature, e.g. water. However, it might be necessary 
to dismount the shake flask for autoclaving and refilling prior to measurement start. Then 
labeling is necessary so that the shake flask can be clamped exactly in the same position 
with respect to the detector as before. 
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Figure 2-39: Correction of the shake flask wall influence in biological cultivations by start point 
calibration  
Cultivation of Xanthomonas campestris pv. campestris B100, VK = 250 mL, n = 300 rpm, 
d0 = 50 mm, VL = 20 mL, T = 30°C, GY medium. A uncorrected data B corrected data  
 
 
 
2.3.6 Application as offline viscometer  
In the first instance, the here presented measuring system was developed for the process 
monitoring of biological systems to facilitate an online measurement of viscosity in shake 
flasks. However, this device can also be used as standard viscometer to determine the 
viscosity of arbitrary fluids in an offline measurement. 
 
Shear rates and viscosity curves 
In contrast to Newtonian fluids, non-Newtonian fluids require the knowledge of the shear 
rate to determine the apparent viscosity (section 2.1.1). In shake flasks, the shear rate 
depends on the shaking parameters (shaking frequency, filling volume, flask diameter) 
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and the fluid properties (consistency factor K and flow behavior index m) [120] (Equation 
2.9). The shaking parameters can be selected freely. However, depending on the shaker 
used, limits are set up with respect to the maximum possible shaking frequency at a given 
shaking diameter. Furthermore, out-of-phase operating conditions have to be avoided. 
The fluid properties K and m can be determined easily by a simple two-point 
measurement using the measuring device described in this work. For that purpose, the 
apparent viscosity of the liquid to be examined is determined at either two different 
shaking frequencies or for two different filling volumes. By knowing the apparent 
viscosities and applying the power law (Equation 2.8) as well as the shear rate equation 
(Equation 2.9) for both selected shaking conditions, the consistency factor K and the flow 
behavior index m can be calculated. 
By combining Equation 2.5, 2.6, 2.7 and 2.9 (section 2.1.2) and using the parameters 
listed in Table A- 15, shear rates and viscosity curves can be simulated for various 
shaking parameters. Figure 2-40 depicts this simulation for two fictitious fluids (for 
further fluids, see appendix Figure A- 14). Comparable to rotary viscometers, the shear 
rate increases with increasing shaking frequency (Figure 2-40 A, B, D, E). In contrast, 
with increasing filling volume VL, the shear rate decreases. Further changes in shear rate 
can be achieved by altering the flask diameter d. While Figure 2-40 B shows a 
proportionality between shake flask diameter and shear rate, no clear trend is discernible 
in Figure 2-40 E. Consequently, the influence of the shake flask diameter on the shear 
rate has to be considered individually for each fluid. (Please note that the current 
experimental set-up only allows for the use of 250 mL shake flasks.) The plotted curves 
in Figure 2-40 D and E do not start at a shaking frequency of 100 [1/min] but miss some 
parts. Due to its higher consistency factor, this fluid has a significantly higher viscosity, 
resulting in out-of-phase working conditions for these parts. This can be countered by 
increasing the shaking diameter, since it does not influence the shear rate [120] but affects 
the out-of-phase phenomenon[111]. Depending on the shear rate range in which a 
viscosity curve is to be created, it is sufficient to alter the shaking frequency. Additional 
shear rate ranges can be covered by changing the flask diameter or the filling volume 
(Figure 2-40 C, F). Since this new viscosity measuring device allows eight sample vessels 
to be operated in parallel, either eight fluids can be tested in parallel or several filling 
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volumes can be used for obtaining different shear rates. Still, it has to be considered that 
for each combination of shaking parameters, a new calibration must be carried out. 
 
Figure 2-40: Simulation of shear rates and viscosity curves as function of various shaking parameters 
for two fictitious fluids.  
VL = filling volume, d = shake flask diameter. d = 6.4 cm corresponds to a nominal shake 
flask volume of 100 mL, d = 8.3 cm to 250 mL and d = 10.5 cm to 500 mL. 2.5, 2.6, 2.7 and 
2.9 (section 2.1.2) are the equations used for this simulation. Parameters are listed in Table A- 
15 in the appendix. Data points are exclusively plotted for in-phase shaking conditions. For 
reasons of readability, only one in ten data points is shown. A-C K = 10 mPa·sm, m = 0.8 D-F 
K = 10000 mPa·sm, m = 0.2.  
Being a unique contact-free viscometer, time-consuming cleaning steps in between 
different samples can be avoided. The use of disposable sample vessels in combination 
with the ability to measure eight different fluids in parallel leads to a further reduction in 
time. Consisting of standard electronic components this novel viscometer does not only 
provide a low-cost alternative to conventional rotation and oscillation rheometers but also 
ensures a long durability due to its robust design. Due to the signal’s periodic nature, 
averaging multiple readings leads to high accuracy. A further advantage of the presented 
viscometer is given with respect to particulate systems since in comparison to mixer-type 
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rheometers significantly lower sample volumes are required. Simultaneously, the 
possibility to determine viscosities of fluids with larger particles can be retained, since the 
restrictions of concentric cylinders and parallel disk rheometers due to the small gap size 
are not relevant in the novel system [167]. Due to the density’s influence on the liquid 
distribution in the rotating shake flask (section 2.3.4, Figure 2-23), only the kinematic 
viscosity can be determined for samples with unknown density, though. 
 
2.3.7 Accuracy of the online viscosity measuring system  
At the end of this work, the accuracy of the non-invasive online detection of viscosity is 
considered. As aforementioned, there are a couple of influencing parameters that can lead 
to possible errors in the measurement.  
In the first step, either inoculated fermentation media or model fluids for calibration are 
pipetted into the shake flask. It was shown that volume differences resulting from 
inaccurate pipetting can lead to differences in θ (Figure 2-26). To address this issue, the 
desired volume was weighed into the shake flask instead of pipetted. Since the dimension 
of the error resulting from this step is revisable and depends on the experimenter, it is 
considered to be negligible in comparison to the other errors.  
In the next step, the optical raw signal is evaluated by an algorithm and the leading edge 
angle θ is determined. Although the proper functioning of the algorithm was visually 
verified for more than 300 data sets, still an uncertainty remains whether the θ detected 
by the algorithm coincides with the true leading edge of the bulk liquid. A second, 
validated measuring system would be needed to ensure the correctness of the determined 
value or to quantify its error each time. Therefore, an error of the algorithm is not 
quantifiable at this point. However, the opportunity is given to control the detected values 
manually, as for each experiment a so-called “Konti” file containing the raw signal is 
saved (section 2.3.3). 
Furthermore, Figure 2-15 depicts that the liquid movement in the shake flask fluctuates 
slightly from rotation to rotation at a constant viscosity. As standard deviation sP,QRSTSURV a 
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value of 0.34° was determined for water, while a 7% (w/w) aqueous PVP solution of 
64.08 mPa·s resulted in a lower standard deviation of 0.16°. Consequently, the fluid and 
its viscosity, respectively, seem to have an impact on the standard deviation. Still, it is 
unclear whether the shake flask or the shaking parameters influence this value.  
Additionally, an effect of the individual shake flask on θ was determined (section 2.3.4, 
Figure 2-25), which was caused both by the surface property and the wall thickness of the 
shake flask. Equal surface properties were ensured by hydrophilizing the surface with 
nitric acid. However, differences in the wall thickness between different shake flasks 
could not be eliminated. They influence the calibration as well as the desired online 
monitoring of viscous cultivations. While in cultivations this offset of each shake flask 
can be addressed by a start point calibration (section 2.3.5), the influence on the 
calibration procedure is not preventable. As all 14 calibrations (Figure 2-28) were 
performed as triplicates or quadruplicates in each data point with respect to the shake 
flask, an averaged standard deviation sP,WXTZ [\TWY was determined to be 2.51°. 
Finally, a calibration between θ and the offline measured viscosity is performed (Figure 
2-28). The obtained data points are fitted by the use of non-linear regression based on a 
Levenberg-Marquardt algorithm (OriginPro 2015G, Origin Lab Corp., Northampton, 
MA, United States). This algorithm is based on the iterative finding of fit parameters by 
the method of least-squares. The root mean square error (RMSE) represents a measure for 
the sample standard deviation and is provided by Origin®. Its values are listed in Table 
2-18 in dependence on the shaking parameters. 
 
Table 2-18: Root mean square error for all calibrations in dependence on the shaking parameters 
Shaking diameter 
[mm] 
Filling volume 
[mL] 
Shaking frequency  
[1/min] 
RMSE 
[mPa·s] 
50 30 
250 2.66 
200 2.68 
150 1.24 
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In the following, the total error of the viscosity measuring technique is considered. 
Usually, error propagation (Equation 2.17) is used to convert the error of direct measured 
(here: θ) variables into the error of indirect measured variables (here: η).  
 =  ³®ÊËÊh¯# +# + ®ÊËÊe¯# f# + ®ÊËÊg¯# # +  (2.17) 
However, there are two reasons why error propagation cannot be applied here: First, error 
propagation can only be used if the errors of the influencing variables are independent of 
each other. However, the error of the algorithm as well as the error of the liquid 
movement and the error of the shake flask are assumed to be dependent of one another. 
Second, the equation that is needed to convert the values of θ into viscosity values is the 
fit function (Figure 2-28). Being an empirical relationship, this approximation does not 
provide an analytical solution which means that it itself is not error-free.  
One solution to this problem would be to consider the θ-error bars (Figure 2-28) in the fit 
by using Deming regression. However, in Origin® this possibility is only provided for 
polynomial functions; in MATLAB® such a function has not been implemented at all. 
20 
350 3.69 
300 2.78 
250 2.70 
200 2.74 
150 0.43 
10 350 0.89 300 0.47 
25 
20 350 0.30 300 0.38 
10 350 0.26 300 0.24 
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Another option to nonetheless estimate the effect of the errors in θ on the error in η is the 
following method: Each θ value of a fit is a mean value from a triple or quadruple 
determination, the error bar represents the standard deviation. Assuming the values to be 
normally distributed, a normal distribution for the associated θ-value can be calculated 
from the respective mean value and the standard deviation. From the determined normal 
distributions arbitrary values were resampled at each θ-value resulting in a new data set 
for a fit. The new data set was fitted and its RMSE was determined. This procedure was 
repeated 100,000 times in order to increase the sample size. Thereafter, the mean and 
standard deviation were calculated of all RMSEs. Since in this method many possible θ 
values are considered within the scope of their normal distribution and at the same time 
the error of the fit is taken into account, the mean of the RMSE can be considered to be 
the total error of the measuring system. 
Regarding the worst data set with the highest RMSE (shaking frequency of 350 rpm, 
filling volume of 20 mL, shaking diameter of 50 mm, Table 2-18), the mean RMSE 
obtained by the aforementioned method was found to be 3.11 mPa·s, while the standard 
deviations was 0.66 mPa·s. As a result, using this new online monitoring device, viscosity 
can be determined with an accuracy of 3.11 mPa·s ± 0.66 mPa·s. 
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2.4 Summary  
Shake flasks are used in early stages of bioprocess development because of their 
simplicity and low costs. However, online process monitoring is not yet feasible for all 
aspects of biological small scale cultivations. One important parameter to measure is the 
viscosity of the fermentation broth, as the rheological behavior drastically influences 
mixing, gas/liquid mass transfer and power input. In order to avoid unfavorable screening 
and production conditions or problems when scaling up, the knowledge of the viscosity is 
already essential in small scale processes. 
In the present work, a new measuring technique for online monitoring of viscosity in 
shake flasks was presented. The method is based on detecting the position of the rotating 
bulk liquid in the orbital shaken flask. With increasing viscosity, the liquid rotates phase-
shifted with respect to the direction of the centrifugal acceleration. This delay in the 
movement can be evaluated as a measurement signal for the viscosity. 
Two different optical methods were realized for the non-invasive detection of the liquid’s 
position. At the beginning, an existing experimental set-up was used, which detects the 
rotating bulk liquid based on a fluorescence measurement. This method required the 
addition of a fluorescent dye to the sample liquid prior to each measurement. Besides 
fluorescein, also rhodamine B and Oregon Green® were chosen as fluorescent dyes. 
Despite the clear and reliably interpretable signals, pH sensitivity of the fluorescent dyes 
as well as interference with additives and sensitivity to room and monitor light were 
serious drawbacks in this method.  
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To overcome the drawbacks of the fluorescence measurement, the optical measurement 
method for the detection of the rotating bulk liquid was changed to a transmitted light 
measurement. First, a design for a single shake flask was established, in order to revise 
the suitability of the new measuring technique. For data acquisition, a LabVIEW™ based 
software was developed, which also included a graphical interface. The software 
converted the time-resolved signals of subsequent rotations into a rotation resolved signal 
and saved it into a text file. An algorithm in MATLAB® was implemented that used this 
text file as input data for the offline evaluation of the signal. First experiments revealed 
that the raw signals could easily be evaluated and showed high accuracy.  
Since signal detection, evaluation and accuracy of the transmitted light measurement 
proved to be suitable for the detection of the rotating bulk liquid, the single shake flask 
device was parallelized to an eightfold device. On the one hand, this provided the 
advantage that, cultivations could be monitored simultaneously with eight identical 
approaches for statistical purposes. On the other hand, it was also possible to vary 
different process or cultivation conditions such as filling volume, organism and medium 
at the same time. In order to place all components of the multi-flask device on a 42·42 cm 
shaking tray, the design of the single flask device was adjusted. Besides this 
miniaturization of the design, also the electrical components as well as the software were 
adapted. The most-valuable advantage of the new software was that the previous offline 
evaluation of the raw signal in MATLAB® had now been integrated into the LabVIEW™ 
software. As a result, an actual online viscosity signal in shake flask was available for the 
first time. 
The information about the position of the rotating bulk liquid in the shake flask in relation 
to the direction of centrifugal acceleration had to be converted into a viscosity signal. 
Therefore, calibration functions using model fluids and a conventional viscometer needed 
to be established. First, it was examined whether the density of the liquid in the flask had 
an influence on the viscosity measurement. By varying density and viscosity of the model 
fluids, it was found out that the density had a considerable impact on the liquid movement 
in the shake flask since the shift of the bulk liquid differed significantly for fluids of 
different density but equal viscosity. As a consequence, all further calibrations were 
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performed with model fluids whose density matched the density of water based 
fermentation broths. Along with the influence of the density, also the reproducibility of 
the calibration functions was investigated. It was found that, in addition to pipetting 
errors, the surface property and wall thickness of the individual shake flask had as well an 
influence on the reproducibility of the calibration. Nevertheless, reproducible calibration 
functions were obtained by weighing the volume instead of pipetting it and 
hydrophilizing the shake flask’s inner surface prior to measurement. Although the 
difference in wall thickness could not be avoided in the calibrations, the resulting offset in 
the online signal could successfully be adjusted for cultivations. Finally, several 
calibration functions were established for various combinations of shaking parameters as 
a dependency of the calibrations on these parameters was expected. The resulting 
differences in the functions affirmed the assumed dependency and highlighted that for 
each set of shaking parameters chosen for cultivation, a corresponding calibration 
function is needed to convert the raw signal correctly into viscosity.  
After calibration functions had successfully established, the online viscosity measurement 
was tested in biological cultivations and validated by offline sampling. First, the 
filamentous growing fungus Trichoderma reesei was cultivated to address the 
phenomenon of enhanced viscosity caused by biomass. While the online signal was 
smooth and continuous, the offline signal measured at a conventional viscometer showed 
extreme fluctuations. The reason was found to be the difficulty of measuring particulate 
systems such as mycelial fermentation broths with parallel disks. Due to these problems 
with the conventional rheometer, the validation of the online viscosity measurement 
device was not possible using filamentous growing fungi. Instead, the biopolymer 
formation of the unicellular bacteria Paenibacillus polymyxa and Xanthomonas 
campestris were monitored online. For viscosities of up to 120 mPa·s, the online 
measured signal perfectly matched the offline measured signal which proved the 
functionality of the device in this range. However, deviations from the offline measured 
viscosity values occurred when the fermentation broth was more viscous than 120 mPa·s.  
Finally, a possible application of the here presented online viscosity measuring device as 
offline viscometer was considered in the penultimate section. A simulation of the shear 
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rate in dependence on the shaking parameters as well as the fluid characteristics, 
demonstrated exemplarily the operation range and the determination of flow curves. 
Enabling a contact-free viscosity measurement of eight samples in parallel, time-
consuming cleaning steps in between different samples could be avoided in comparison to 
conventional viscometers. Concerning particulate systems, the presented viscosity 
measurement clearly overcomes the limitations of parallel disks or concentric cylinders 
and allows an accurate measurement.  
The last section dealt with the accuracy of the online viscosity measurement. All sources 
of error that influence θ were considered successively. Since the errors are not 
independent of each other, no error propagation could be performed to determine the error 
in η. Instead, the magnitude of the error in η was estimated using the method of 
resampling. The worst case scenario indicates that the viscosity can be measured with an 
accuracy of 3.11 mPa·s ± 0.66 mPa·s. 
In conclusion, a non-invasive online measurement technique has been successfully 
developed, which allows the viscosity of the fermentation broth to be determined 
quantitatively. Thereby, an interruption of the cultivation process for time-consuming 
offline sampling can be avoided. Additionally, conclusions can be drawn with respect to 
in-phase or out-of-phase operating conditions facilitating the correct choice of shaking 
parameters. Providing the user with reliable knowledge of the viscosity, this novel system 
will not only improve screening conditions in shake flasks, but also simplify scale-up 
processes due to consistent process conditions.  
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2.5 Outlook 
In this work, a great progress has been achieved with regard to the online monitoring of 
viscosity in shake flasks. Up to now, information on the predominant viscosity in a 
cultivation as well as conclusions on the phase state could only be obtained by means of 
tedious sampling. Now, an online viscosity signal with subsequent calculation of 
characteristic numbers such as the Reynolds number, phase number, modified power 
number and the volume specific power input provides the user with a thorough insight 
into the process in real time. 
Even though the development of the online viscosity measurement is already well 
advanced, there is still potential for improvement. One aspect refers to the creation of 
calibration functions: Since the calibration functions are strongly dependent on the chosen 
set of shaking parameters, a new calibration function has to be established for each 
change in the parameters. In the case of triplicates, the time required to establish a 
calibration function with about 20 data points is approximately two days when 
considering only one temperature, one shaking diameter, one shaking frequency and one 
volume. That is the reason why design of experiments might be considered as statistical 
tool to predict the parameters of new calibration functions based on the already existing 
functions. Hereby, the influence of evaporation and loss of volume on the viscosity signal 
could also be examined. This is of particular interest for long-lasting fermentations at 
high temperatures, e.g. 37°C. 
With respect to the experimental set up, there are two ideas pending at the end of this 
work: First, the combination of the RAMOS device and the here presented method on one 
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shaking tray. The combination of both online monitoring techniques would allow 
simultaneous information about the respiration activity and viscosity of the same shake 
flask. The second point refers to the shake flask size: up to now, the viscosity 
measurement was developed for the most commonly used 250 mL shake flasks. However, 
there are also cultivation processes that require 500 mL shake flasks, for example. 
Additionally, the simulation of the shear rate demonstrated that with changes in the shake 
flask diameter also different shear rates can be achieved. Hence, adjusting the 
measurement for further shake flask sizes would benefit both the offline and the online 
application. 
For further validation of the viscosity measurement, process monitoring of additional 
cultivation processes is necessary. Within this thesis, the online monitoring of viscosity 
was proven to be reliable for viscosity values of up to 120 mPa·s. However, the 
deviations between online and offline signal for higher viscosities could not be explained. 
Bacillus species producing polyglutamic acid or Azotobacter vinelandii producing 
alginate are promising candidates for further evaluation of the online measuring system.  
Apart from some minor flaws such as the combination of German and English language, 
there are also some critical bugs that leave potential for improving the LabVIEW™ 
software. The software provides the user with two different operation modes: single 
measurement and permanent measurement. In both modes, the signal of multiple rotations 
can be averaged. However, the single measurement allows only 50 rotations to be 
averaged while the upper limit of the permanent measurement is set to 100. An increase 
in the number to 1000 rotations would be desirable in both cases. Furthermore, the input 
of the fit parameters a, b, c in the software applies to the power function =  · t7 + 
 , 
when the angle θ is plotted as function of the viscosity η. However, calibration functions 
were finally decided to be plotted in reverse, meaning the viscosity η on the y-axis and 
angle θ on the x-axis. The resulting function for fitting is t = (} 
)/) . In order not 
to always fit the data in two different ways, an appropriate adaptation in the software 
would be sensible.  
  
Bibliography  147 
 
 
Bibliography 
[1] Duetz, W.A., Rüedi, L., Hermann, R., O’Connor, K. et al., Methods for intense 
aeration, growth, storage, and replication of bacterial strains in microtiter plates. 
Appl. Environ. Microbiol. 2000, 66, 2641–2646. 
[2] John, G.T., Klimant, I., Wittmann, C., Heinzle, E., Integrated optical sensing of 
dissolved oxygen in microtiter plates: A novel tool for microbial cultivation. 
Biotechnol. Bioeng. 2003, 81, 829–836. 
[3] Jansen, M., Veurink, J.H., Euverink, G.J.W., Dijkhuizen, L., Growth of the salt-
tolerant yeast Zygosaccharomyces rouxii in microtiter plates: Effects of NaCl, pH 
and temperature on growth and fusel alcohol production from branched-chain 
amino acids. FEMS Yeast Res. 2003, 3, 313–318. 
[4] Barrett, T.A., Wu, A., Zhang, H., Levy, M.S. et al., Microwell engineering 
characterization for mammalian cell culture process development. Biotechnol. 
Bioeng. 2010, 105, 260–275. 
[5] Silk, N.J., Denby, S., Lewis, G., Kuiper, M. et al., Fed-batch operation of an 
industrial cell culture process in shaken microwells. Biotechnol. Lett. 2010, 32, 73–
78. 
[6] Balcarcel, R.R., Clark, L.M., Metabolic screening of mammalian cell cultures 
using well-plates. Biotechnol. Prog. 2003, 19, 98–108. 
[7] Szita, N., Boccazzi, P., Zhang, Z., Boyle, P. et al., Development of a multiplexed 
microbioreactor system for high-throughput bioprocessing. Lab Chip 2005, 5, 819. 
[8] Wen, Y., Zang, R., Zhang, X., Yang, S.-T., A 24-microwell plate with improved 
mixing and scalable performance for high throughput cell cultures. Process 
Biochem. 2012, 47, 612–618. 
148  Bibliography 
 
[9] Lye, G.J., Ayazi-Shamlou, P., Baganz, F., Dalby, P.A. et al., Accelerated design of 
bioconversion processes using automated microscale processing techniques. 
Trends Biotechnol. 2003, 21, 29–37. 
[10] Bos, A.B., Luan, P., Duque, J.N., Reilly, D. et al., Optimization and automation of 
an end-to-end high throughput microscale transient protein production process. 
Biotechnol. Bioeng. 2015, 112, 1832–1842. 
[11] Duetz, W.A., Witholt, B., Effectiveness of orbital shaking for the aeration of 
suspended bacterial cultures in square-deepwell microtiter plates. Biochem. Eng. J. 
2001, 7, 113–115. 
[12] Betts, J.I., Baganz, F., Miniature bioreactors: current practices and future 
opportunities. Microb. Cell Fact. 2006, 5, 21. 
[13] Fernandes, P., Carvalho, F., Marques, M.P.C., Miniaturization in biotechnology: 
speeding up the development of bioprocesses. Recent Pat. Biotechnol. 2011, 5, 
160–73. 
[14] Burbaum, J.J., Miniaturization technologies in HTS: how fast, how small, how 
soon? Drug Discov. Today 1998, 3, 313–322. 
[15] Funke, M., Buchenauer, A., Schnakenberg, U., Mokwa, W. et al., Microfluidic 
biolector - Microfluidic bioprocess control in microtiter plates. Biotechnol. Bioeng. 
2010, 107, 497–505. 
[16] Funke, M., Buchenauer, A., Mokwa, W., Kluge, S. et al., Bioprocess control in 
microscale: scalable fermentations in disposable and user-friendly microfluidic 
systems. Microb. Cell Fact. 2010, 9, 86. 
[17] Boccazzi, P., Zhang, Z., Kurosawa, K., Szita, N. et al., Differential gene expression 
profiles and real-time measurements of growth parameters in Saccharomyces 
cerevisiae grown in microliter-scale bioreactors equipped with internal stirring. 
Biotechnol. Prog. 2006, 22, 710–717. 
[18] Duetz, W.A., Microtiter plates as mini-bioreactors: miniaturization of fermentation 
methods. Trends Microbiol. 2007, 15, 469–475. 
[19] Wittmann, C., Kim, H.M., Heinzle, E., Metabolic network analysis of lysine 
Bibliography  149 
 
 
producing Corynebacterium glutamicum at a miniaturized scale. Biotechnol. 
Bioeng. 2004, 87, 1–6. 
[20] Perlman, D., Cell culture plate with oxygen and carbon dioxide-permeable 
waterproof sealing membrane. Cell culture plate with oxygen and carbon dioxide-
permeable waterproof sealing membrane. , United States Patent 5,858,770 
[21] Harinen, R.-R., Lampinen, J., Raitio, M., Kytöniemi, V., Turbidometric growth 
curve measurements and liquid evaporation studies with a microplate photometer. 
Appl. Note AN-MR-MSFC10-0310 2011,  
[22] Grosch, J., Sieben, M., Lattermann, C., Kauffmann, K. et al., Enzyme activity 
deviates due to spatial and temporal temperature profiles in commercial microtiter 
plate readers. Biotechnol. J. 2016, 11, 519–529. 
[23] Girard, P., Jordan, M., Tsao, M., Wurm, F.M., Small-scale bioreactor system for 
process development and optimization. Biochem. Eng. J. 2001, 7, 117–119. 
[24] Marques, M.P.C., Cabral, J.M.S., Fernandes, P., A microwell platform for the 
scale-up of a multistep bioconversion to bench-scale reactors: Sitosterol side-chain 
cleavage. Biotechnol. J. 2010, 5, 402–412. 
[25] Bareither, R., Pollard, D., A review of advanced small-scale parallel bioreactor 
technology for accelerated process development: Current state and future need. 
Biotechnol. Prog. 2011, 27, 2–14. 
[26] Liccioli, T., Tran, T.M.T., Cozzolino, D., Jiranek, V. et al., Microvinification—
how small can we go? Appl. Microbiol. Biotechnol. 2011, 89, 1621–1628. 
[27] Zimmermann, H.F., John, G.T., Trauthwein, H., Dingerdissen, U. et al., Rapid 
evaluation of oxygen and water permeation through microplate sealing tapes. 
Biotechnol. Prog. 2003, 19, 1061–1063. 
[28] Fick, A., On liquid diffusion. J. Memb. Sci. 1995, 100, 33–38. 
[29] Henzler, H.-J., Schedel, M., Suitability of the shaking flask for oxygen supply to 
microbiological cultures. Bioprocess Eng. 1991, 7, 123–131. 
[30] Amoabediny, G., Büchs, J., Modelling and advanced understanding of unsteady-
150  Bibliography 
 
state gas transfer in shaking bioreactors. Biotechnol. Appl. Biochem. 2007, 46, 57. 
[31] Wilke, C.R., Diffusional properties of multicomponent gases. Chem. Eng. Prog. 
1950, 46, 95–104. 
[32] Maier, U., Büchs, J., Characterisation of the gas–liquid mass transfer in shaking 
bioreactors. Biochem. Eng. J. 2001, 7, 99–106. 
[33] Burtis, C.A., Begovich, J.M., Watson, J.S., Factors influencing evaporation from 
sample cups, and assessment of their effect on analytical error. Clin. Chem. 1975, 
21, 1907–1917. 
[34] Wagner, W., Kruse, A., Properties of water and steam, 1998, Springer. 
[35] Klöckner, W., Tissot, S., Wurm, F., Büchs, J., Power input correlation to 
characterize the hydrodynamics of cylindrical orbitally shaken bioreactors. 
Biochem. Eng. J. 2012, 65, 63–69. 
[36] Büchs, J., Zoels, B., Evaluation of maximum to specific power consumption ratio 
in shaking bioreactors. J. Chem. Eng. Japan 2001, 34, 647–653. 
[37] Sumino, Y., Akiyama, S. ichi, Fukuda, H., Performance of shaking flask (I) Power 
consumption. J. Ferment. Technol, 1972, 50, 203–208. 
[38] Kunes, J., Dimensionless physical quantities in science and engineering, 2012, 
Elsevier. 
[39] Clark, M.W., Vermeulen, T., Incipient vortex formation in baffled agitated vessels. 
AIChE J. 1964, 10, 420–422. 
[40] Büchs, J., Maier, U., Milbradt, C., Zoels, B., Power consumption in shaking flasks 
on rotary shaking machines: I. Power consumption measurement in unbaffled 
flasks at low liquid viscosity. Biotechnol. Bioeng. 2000, 68, 589–593. 
[41] Kato, Y., Peter, C.P., Akgün, A., Büchs, J., Power consumption and heat transfer 
resistance in large rotary shaking vessels. Biochem. Eng. J. 2004, 21, 83–91. 
[42] Zhang, H., Lamping, S.R., Pickering, S.C.R., Lye, G.J. et al., Engineering 
characterisation of a single well from 24-well and 96-well microtitre plates. 
Bibliography  151 
 
 
Biochem. Eng. J. 2008, 40, 138–149. 
[43] Dürauer, A., Hobiger, S., Walther, C., Jungbauer, A., Mixing at the microscale: 
Power input in shaken microtiter plates. Biotechnol. J. 2016, 11, 1539–1549. 
[44] Sieben, M., Experimental and model-based determination of mass transfer through 
microplate sealing tapes. Masterarbeit, Lehrstuhl für Bioverfahrenstechnik, RWTH 
Aachen University. 
[45] Schilling, K., Cumme, G.A., Hoffmann-Blume, E., Hoppe, H. et al., 
Multiwavelength photometry of thermochromic indicator solutions for temperature 
determination in multicuvettes. Clin. Chem. 1993, 39, 251–256. 
[46] Hermann, R., Lehmann, M., Büchs, J., Characterization of gas-liquid mass transfer 
phenomena in microtiter plates. Biotechnol. Bioeng. 2003, 81, 178–186. 
[47] Anderlei, T., Büchs, J., Device for sterile online measurement of the oxygen 
transfer rate in shaking flasks. Biochem. Eng. J. 2001, 7, 157–162. 
[48] Anderlei, T., Zang, W., Papaspyrou, M., Büchs, J., Online respiration activity 
measurement (OTR, CTR, RQ) in shake flasks. Biochem. Eng. J. 2004, 17, 187–
194. 
[49] Kensy, F., Zimmermann, H.F., Knabben, I., Anderlei, T. et al., Oxygen transfer 
phenomena in 48-well microtiter plates: Determination by optical monitoring of 
sulfite oxidation and verification by real-time measurement during microbial 
growth. Biotechnol. Bioeng. 2005, 89, 698–708. 
[50] Giese, H., Kruithof, P., Meier, K., Sieben, M. et al., Improvement and scale-down 
of a Trichoderma reesei shake flask protocol to microtiter plates enables high-
throughput screening. J. Biosci. Bioeng. 2014, 118, 702–709. 
[51] Kensy, F., John, G.T., Hofmann, B., Büchs, J., Characterisation of operation 
conditions and online monitoring of physiological culture parameters in shaken 24-
well microtiter plates. Bioprocess Biosyst. Eng. 2005, 28, 75–81. 
[52] Tortora, G., Funke, B., Case, C., Microbiology: An introduction, 2009, Benjamin 
Cummings. 
152  Bibliography 
 
[53] Siepert, E.-M., Gartz, E., Tur, M.K., Delbrück, H. et al., Short-chain fluorescent 
tryptophan tags for on-line detection of functional recombinant proteins. BMC 
Biotechnol. 2012, 12, 65. 
[54] Greenspan, L., Humidity fixed points of binary saturated aqueous solutions. J. Res. 
Natl. Bur. Stand. (1934). 1977, 81, 89–96. 
[55] Weisenberger, S., Schumpe, A., Estimation of gas solubilities in salt solutions at 
temperatures from 273 K to 363 K. AIChE J. 1996, 42, 298–300. 
[56] Marrero, T.R., Mason, E.A., Gaseous diffusion coefficients. J. Phys. Chem. Ref. 
Data 1972, 1, 3–118. 
[57] Running, J.A., Bansal, K., Oxygen transfer rates in shaken culture vessels from 
Fernbach flasks to microtiter plates. Biotechnol. Bioeng. 2016, 9999, n/a-n/a. 
[58] Sumino, Y., Akiyama, S., Measurement of the evaporation rate of liquid in a 
shaking flask. J. Ferment. Technol. 1987, 65, 291–294. 
[59] Mezger, T.G., The Rheology Handbook. Hann. Curt R Vincentz Verlag 2006. 
[60] Barnes, H.., A Handbook of Elementary Rheology, 2000, University of Wales, 
Institute of Non-Newtonian Fluid Mechanics. 
[61] Barnes, H., Hutton, J., Walters, K., An Introduction to Rheology, 1989, Elsevier. 
[62] Mezger, T.G., Angewandte Rheologie - Mit Joe Flow auf der Rheologie-Straße, 
2014, Anton Paar GmbH. 
[63] Silaghi, F.A., Giunchi, A., Fabbri, A., Ragni, L., Estimation of rheological 
properties of gelato by FT-NIR spectroscopy. Food Res. Int. 2010, 43, 1624–1628. 
[64] Tabilo-Munizaga, G., Barbosa-Cánovas, G. V., Rheology for the food industry. J. 
Food Eng. 2005, 67, 147–156. 
[65] Rao, M.A., Rheology of Fluid, Semisolid, and Solid Foods, 2014, Springer US. 
[66] Narsimhan, G., Rheological methods in food process engineering. J. Food Eng. 
1994, 23, 249–250. 
Bibliography  153 
 
 
[67] J Mastropietro, D., Rheology in pharmaceutical formulations - a perspective. J. 
Dev. Drugs 2013, 2, 2–7. 
[68] Islam, M.T., Rodríguez-Hornedo, N., Ciotti, S., Ackermann, C., Rheological 
characterization of topical carbomer gels neutralized to different pH. Pharm. Res. 
2004, 21, 1192–1199. 
[69] Deasy, P.B., Quigley, K.J., Rheological evaluation of deacetylated gellan gum 
(Gelrite) for pharmaceutical use. Int. J. Pharm. 1991, 73, 117–123. 
[70] De Souza Ferreira, S.B., Da Silva, J.B., Borghi-Pangoni, F.B., Junqueira, M.V. et 
al., Linear correlation between rheological, mechanical and mucoadhesive 
properties of polycarbophil polymer blends for biomedical applications. J. Mech. 
Behav. Biomed. Mater. 2017, 68, 265–275. 
[71] Treffer, D., Troiss, A., Khinast, J., A novel tool to standardize rheology testing of 
molten polymers for pharmaceutical applications. Int. J. Pharm. 2015, 495, 474–
481. 
[72] Gallegos, C., Franco, J.M., Rheology of food, cosmetics and pharmaceuticals. 
Curr. Opin. Colloid Interface Sci. 1999, 4, 288–293. 
[73] Bono, A., Mun, H.C., Rajin, M., Effect of various formulation on viscosity and 
melting point of natural ingredient based lipstick. In Stud Surf Sci Catal, 159, 693–
696 
[74] Sharma, V., Jaishankar, A., Wang, Y., Mckinley, G.H., Rheology of globular 
proteins: apparent yield stress, high shear rate viscosity and interfacial 
viscoelasticity of bovine serum albumin solutions. Soft Matter 2011, 7, 5150–60. 
[75] Lesueur, D., The colloidal structure of bitumen: Consequences on the rheology and 
on the mechanisms of bitumen modification. Adv. Colloid Interface Sci. 2009, 145, 
42–82. 
[76] Kontopoulou, M., Applied Polymer Rheology, 2011, John Wiley & Sons, Inc. 
[77] Sunthar, P., Polymer Rheology. In Rheology of Complex Fluids pp. 171–191, 
Springer New York 
154  Bibliography 
 
[78] Aho, J., Boetker, J.P., Baldursdottir, S., Rantanen, J., Rheology as a tool for 
evaluation of melt processability of innovative dosage forms. Int. J. Pharm. 2015, 
494, 623–642. 
[79] Laun, M., Auhl, D., Brummer, R., Dijkstra, D.J. et al., Guidelines for checking 
performance and verifying accuracy of rotational rheometers: viscosity 
measurements in steady and oscillatory shear (IUPAC technical report). Pure Appl. 
Chem. 2014, 86, 1945–1968. 
[80] Thompson, A.M., A falling-sphere viscometer for use with opaque liquids. J. Sci. 
Instrum. 1949, 26, 75–76. 
[81] Lopez-Salinas, J.L., Miller, C.A., Koh Yoo, K.H., Puerto, M., Viscometer for 
Opaque, Sealed Microemulsion Samples. SPE Int. Symp. Oilf. Chem. 2009, m,  
[82] Wood, J.H., Lapham, E.A., Adaptation of commercial viscometers for special 
applications in pharmaceutical rheology. III. The Tackmeter. J. Pharm. Sci. 1964, 
53, 825–826. 
[83] Barnes, H.A., An examination of the use of rotational viscometers for the quality 
control on non-newtonian liquid products in factories. Appl. Rheol. 2001, 11, 89–
101. 
[84] Brookfield Engineering Labs, More solutions to sticky problems. 1–59. 
[85] Eriksson, I., Bolmstedt, U., Axelsson, A., Evaluation of a helical ribbon impeller as 
a viscosity measuring device for fluid foods with particles. Appl. Rheol. 2002, 
DOI: 10.3933/ApplRheol-12-303 
[86] Aït-Kadi, A., Marchal, P., Choplin, L., Chrissemant, A.-S. et al., Quantitative 
analysis of mixer-type rheometers using the Couette analogy. Can. J. Chem. Eng. 
2002, 80, 1166–1174. 
[87] Dontula, P., Macosko, C.W., Scriven, L.E., Origins of concentric cylinders 
viscometry. J. Rheol. 2005, 49, 807–818. 
[88] Hellström, L.H.O., Samaha, M. a, Wang, K.M., Smits, A.J. et al., Errors in 
parallel-plate and cone-plate rheometer measurements due to sample underfill. 
Meas. Sci. Technol. 2015, 26. 
Bibliography  155 
 
 
[89] Carvalho, M.S., Padmanabhan, M., Macosko, C.W., Single-point correction for 
parallel disks rheometry. J. Rheol. (N. Y. N. Y). 1994, 38, 1925. 
[90] Connelly, R.W., Greener, J., High-shear viscometry with a rotational parallel-disk 
device. , Journal of Rheology, 29, 209–226. 
[91] Ewoldt, R.H., Johnston, M.T., Caretta, L.M., Experimental Challenges of Shear 
Rheology: How to Avoid Bad Data. In Complex Fluids in Biological Systems, pp. 
207–241, Springer New York. 
[92] Gupta, S., Wang, W.S., Vanapalli, S.A., Microfluidic viscometers for shear 
rheology of complex fluids and biofluids. Biomicrofluidics 2016, 10, 43402. 
[93] Kiljański, T., A method for correction of the wall-slip effect in a Couette 
rheometer. Rheol. Acta 1989, 28, 61–64. 
[94] Goudar, C.T., Strevett, K.A., Shah, S.N., Influence of microbial concentration on 
the rheology of non-Newtonian fermentation broths. Appl. Microbiol. Biotechnol. 
1999, 51, 310–315. 
[95] Karsheva, M., Hristov, J., Penchev, I., Lossev, V., Rheological behavior of 
fermentation broths in antibiotic industry. Appl. Biochem. Biotechnol. 1997, 68, 
187–206. 
[96] Vanags, J.J., Viesturs, U.E., Priede, M.A., Studies of the mixing character and flow 
distribution in mycelial fermentation broths. Acta Biotechnol. 1995, 15, 355–366. 
[97] Dhillon, G.S., Brar, S.K., Kaur, S., Verma, M., Rheological studies during 
submerged citric acid fermentation by Aspergillus niger in stirred fermentor using 
apple pomace ultrafiltration sludge. Food Bioprocess Technol. 2013, 6, 1240–
1250. 
[98] Domingues, Queiroz, Cabral, Fonseca, The influence of culture conditions on 
mycelial structure and cellulase production by Trichoderma reesei Rut C-30. 
Enzyme Microb. Technol. 2000, 26, 394–401. 
[99] Garcı́a-Ochoa, F., Santos, V., Casas, J., Gómez, E., Xanthan gum: production, 
recovery, and properties. Biotechnol. Adv. 2000, 18, 549–579. 
156  Bibliography 
 
[100] Peña C, Galindo, E., Büchs, J., The viscosifying power, degree of acetylation and 
molecular mass of the alginate produced by Azotobacter vinelandii in shake flasks 
are determined by the oxygen transfer rate. Process Biochem. 2011, 46, 290–297. 
[101] Alvarez-Yela, A.C., Chiquiza-Montaño, L.N., Hoyos, R., Orozco-Sánchez, F., 
Rheology and mixing analysis of plant cell cultures (Azadirachta indica, Borojoa 
patinoi and Thevetia peruviana) in shake flasks. Biochem. Eng. J. 2016, 114, 18–
25. 
[102] Rodrı́guez-Monroy, M., Galindo, E., Broth rheology, growth and metabolite 
production of Beta vulgaris suspension culture: a comparative study between 
cultures grown in shake flasks and in a stirred tank. Enzyme Microb. Technol. 
1999, 24, 687–693. 
[103] Simon, L., Caye-Vaugien, C., Bouchonneau, M., Relation between pullulan 
production, morphological state and growth conditions in Aureobasidium 
pullulans: new observations. J. Gen. Microbiol. 1993, 139, 979–985. 
[104] Rau, U., Brandt, C., Oxygen controlled batch cultivations of Schizophyllum 
commune for enhanced production of branched β-1,3-glucans. Bioprocess Eng. 
1994, 11, 161. 
[105] Tan, R.-K., Eberhard, W., Büchs, J., Measurement and characterization of mixing 
time in shake flasks. Chem. Eng. Sci. 2011, 66, 440–447. 
[106] Humphrey, A., Shake flask to fermentor: What have we learned? Biotechnol. Prog. 
1998, 14, 3–7. 
[107] McNeil, B., Harvey, L.M., Viscous fermentation products. Crit. Rev. Biotechnol. 
1993, 13, 275–304. 
[108] Büchs, J., Lotter, S., Milbradt, C., Out-of-phase operating conditions, a hitherto 
unknown phenomenon in shaking bioreactors. Biochem. Eng. J. 2001, 7, 135–141. 
[109] Converti, A., Zilli, M., Arni, S., Di Felice, R. et al., Estimation of viscosity of 
highly viscous fermentation media containing one or more solutes. Biochem. Eng. 
J. 1999, 4, 81–85. 
[110] Blanch, H.W., Bhavaraju, S.M., Non-Newtonian fermentation broths: Rheology 
Bibliography  157 
 
 
and mass transfer. Biotechnol. Bioeng. 1976, 18, 745–790. 
[111] Büchs, J., Maier, U., Milbradt, C., Zoels, B., Power consumption in shaking flasks 
on rotary shaking machines: II. Nondimensional description of specific power 
consumption and flow regimes in unbaffled flasks at elevated liquid viscosity. 
Biotechnol. Bioeng. 2000, 68, 594–601. 
[112] Büchs, J., Introduction to advantages and problems of shaken cultures. 
Biochemical Engineering Journal, 7, pp. 91–98 
[113] Maier, U., Büchs, J., Characterisation of the gas – liquid mass transfer in shaking 
bioreactors. Biochem. Eng. J. 2001, 7, 99–106. 
[114] Maier, U., Losen, M., Büchs, J., Advances in understanding and modeling the gas–
liquid mass transfer in shake flasks. Biochem. Eng. J. 2004, 17, 155–167. 
[115] Kumar, S., Wittmann, C., Heinzle, E., Review: Minibioreactors. Biotechnol. Lett. 
2004, 26, 1–10. 
[116] Delgado, G., Topete, M., Galindo, E., Interaction of cultural conditions and end-
product distribution in Bacillus subtilis grown in shake flasks. Appl. Microbiol. 
Biotechnol. 1989, 31, 288–292. 
[117] Gamboa-Suasnavart, R., Valdez-Cruz, N., Cordova-Dávalos, L., Martínez-Sotelo, 
J. et al., The O-mannosylation and production of recombinant APA (45/47 KDa) 
protein from Mycobacterium tuberculosis in Streptomyces lividans is affected by 
culture conditions in shake flasks. Microb. Cell Fact. 2011, 10, 110. 
[118] Kemblowski, Z., Kristiansen, B., Rheometry of fermentation liquids. Biotechnol. 
Bioeng. 1986, 28, 1474–1483. 
[119] Ostwald, W., Über die rechnerische Darstellung des Strukturgebietes der 
Viskosität. Kolloid-Zeitschrift 1929, 47, 176–187. 
[120] Giese, H., Klöckner, W., Peña, C., Galindo, E. et al., Effective shear rates in shake 
flasks. Chem. Eng. Sci. 2014, 118, 102–113. 
[121] Gaden, E.L., Improved shaken flask performance. Biotechnol. Bioeng. 1962, 4, 99–
103. 
158  Bibliography 
 
[122] Giese, H., Azizan, A., Kümmel, A., Liao, A. et al., Liquid films on shake flask 
walls explain increasing maximum oxygen transfer capacities with elevating 
viscosity. Biotechnol. Bioeng. 2014, 111, 295–308. 
[123] McDaniel, L.E., Bailey, E.G., Zimmerli, A., Effect of oxygen supply rates on 
growth of Escherichia coli. I. Studies in unbaffled and baffled shake flasks. Appl. 
Microbiol. 1965, 13, 109–14. 
[124] Freedman, D., The shaker in bioengineering. Process Biochem 1969, 3, 35–40. 
[125] Ahluwalia, V.K., Goyal, M., A Textbook of Organic Chemistry, 2000, Narosa. 
[126] Ohannesian, L., Streeter, A., Handbook of Pharmaceutical Analysis, 2001, Informa 
Healthcare. 
[127] Byrnes, J., Unexploded Ordnance Detection and Mitigation, 2009, Springer. 
[128] Samorski, M., Müller-Newen, G., Büchs, J., Quasi-continuous combined scattered 
light and fluorescence measurements: A novel measurement technique for shaken 
microtiter plates. Biotechnol. Bioeng. 2005, 92, 61–68. 
[129] McNaught, A.D., Wilkinson, A., IUPAC Compendium of Chemical Terminology: 
Gold Book, 2014, IUPAC. 
[130] Hecht, E., Optik, 2009, Oldenbourg Wissenschaftsverlag. 
[131] Franz, K.A., Kehr, W.G., Siggel, A., Wieczoreck, J. et al., Luminescent Materials. 
In Ullmann’s Encyclopedia of Industrial Chemistry Wiley-VCH Verlag GmbH & 
Co. KGaA 
[132] Stokes, G.G., On the change of refrangibility of light. No. II. Philos. Trans. R. Soc. 
London 1853, 143, 385–396. 
[133] Benchaib, M., Delorme, R., Pluvinage, M., Bryon, P.A. et al., Evaluation of five 
green fluorescence-emitting streptavidin-conjugated fluorochromes for use in 
immunofluorescence microscopy. Histochem. Cell Biol. 1996, 106, 253–256. 
[134] Panchuk-Voloshina, N., Haugland, R.P., Bishop-Stewart, J., Bhalgat, M.K. et al., 
Alexa dyes, a series of new fluorescent dyes that yield exceptionally bright, 
Bibliography  159 
 
 
photostable conjugates. J. Histochem. Cytochem. 1999, 47, 1179–1188. 
[135] Mannekutla, J.R., Mulimani, B.G., Inamdar, S.R., Solvent effect on absorption and 
fluorescence spectra of coumarin laser dyes: Evaluation of ground and excited state 
dipole moments. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2008, 69, 419–
426. 
[136] Nag, A., Goswami, D., Solvent effect on two-photon absorption and fluorescence 
of rhodamine dyes. J. Photochem. Photobiol. A Chem. 2009, 206, 188–197. 
[137] Thermo Fisher Scientific Inc., Waltham, U., Available [Online]: 
https://www.thermofisher.com/de/de/home/references/molecular-probes-the-
handbook/fluorophores-and-their-amine-reactive-derivatives/fluorescein-oregon-
green-and-rhodamine-green-dyes.html#head3. [Accessed: 29-Apr-2017] 
[138] Coppeta, J., Rogers, C., A quantitative mixing analysis using fluorescent dyes. 34th 
Aerospace Sciences Meeting and Exhibit, 53, pp. 1–30 
[139] Sakakibara, J., Adrian, R.J., Whole field measurement of temperature in water 
using two-color laser induced fluorescence. Exp. Fluids 1999, 26, 7–15. 
[140] Doran, P.M., Bioprocess Engineering Principles, Academic Press. London 
[141] Wunderlich, M., Trampnau, P.P., Lopes, E.F., Büchs, J. et al., Online in situ 
viscosity determination in stirred tank reactors by measurement of the heat transfer 
capacity. Chem. Eng. Sci. 2016, 152, 116–126. 
[142] Flitsch, D., Ladner, T., Lukacs, M., Büchs, J., Easy to use and reliable technique 
for online dissolved oxygen tension measurement in shake flasks using infrared 
fluorescent oxygen-sensitive nanoparticles. Microb. Cell Fact. 2016, 15, 45. 
[143] Bracharz, F., Redai, V., Bach, K., Qoura, F. et al., The effects of TORC signal 
interference on lipogenesis in the oleaginous yeast Trichosporon oleaginosus. 
BMC Biotechnol. 2017, 17, 27. 
[144] Gottardi, M., Knudsen, J.D., Prado, L., Oreb, M. et al., De novo biosynthesis of 
trans-cinnamic acid derivatives in Saccharomyces cerevisiae. Appl. Microbiol. 
Biotechnol. 2017, DOI: 10.1007/s00253-017-8220-x 
160  Bibliography 
 
[145] Lotter, S., Büchs, J., Utilization of specific power input measurements for 
optimization of culture conditions in shaking flasks. Biochem. Eng. J. 2004, 17, 
195–203. 
[146] Seletzky, J., Otten, K., Lotter, S., Fricke, J. et al., A simple and inexpensive 
method for investigating microbiological, enzymatic, or inorganic catalysis using 
standard histology and microbiology laboratory equipment: assembly, mass 
transfer properties, hydrodynamic conditions and evaluation. Biotech. Histochem. 
2006, 81, 133–138. 
[147] Sjöback, R., Nygren, J., Kubista, M., Absorption and fluorescence properties of 
fluorescein. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 1995, 51, L7–L21. 
[148] Pakula, T.M., The effect of specific growth rate on protein synthesis and secretion 
in the filamentous fungus Trichoderma reesei. Microbiology 2005, 151, 135–143. 
[149] Herweg, E., Etablierung der Kultivierung von Trichoderma reesei zur Produktion 
cellolytischer Enzyme in einer Mischkultur. Masterarbeit, Lehrstuhl für 
Bioverfahrenstechnik, RWTH Aachen University 
[150] Rütering, M., Schmid, J., Rühmann, B., Schilling, M. et al., Controlled production 
of polysaccharides–exploiting nutrient supply for levan and heteropolysaccharide 
formation in Paenibacillus sp. Carbohydr. Polym. 2016, 148, 326–334. 
[151] Sieben, M., Steinhorn, G., Müller, C., Fuchs, S. et al., Testing plasmid stability of 
Escherichia coli using the Continuously Operated Shaken BIOreactor System. 
Biotechnol. Prog. 2016, DOI: 10.1002/btpr.2341 
[152] Sara Alaei Shehni, Improvement of xanthan gum production in batch culture using 
stepwise acetic acid stress. African J. Biotechnol. 2011, 10, 19425–19428. 
[153] Maillard, L.C., Action des acides amines sur les sucres; formation de melanoidines 
par voie méthodique (Action of amino acids on sugars. Formation of melanoidins 
in a methodical way). Compt. Rend. 1912, 154, 66–68. 
[154] Tartoff KD, H.C., Improved media for growing plasmid and cosmid clones. 
Bethesda Res Lab Focus 1987, 9, 12. 
[155] Wilms, B., Hauck, A., Reuss, M., Syldatk, C. et al., High-cell-density fermentation 
Bibliography  161 
 
 
for production ofL-N-carbamoylase using an expression system based on the 
Escherichia coli rhaBAD promoter. Biotechnol. Bioeng. 2001, 73, 95–103. 
[156] Hermann, R., Entwicklung und Anwendung optischer Methoden zur 
Charakterisierung von Kleinkulturbioreaktoren. Dissertation, Fakultät für 
Maschinenwesen, RWTH Aachen University 
[157] Kunze, M., Lattermann, C., Diederichs, S., Kroutil, W. et al., Minireactor-based 
high-throughput temperature profiling for the optimization of microbial and 
enzymatic processes. J. Biol. Eng. 2014, 8, 22. 
[158] Carter, G.A., McCain, D.C., Relationship of leaf spectral reflectance to chloroplast 
water content determined using NMR microscopy. Remote Sens. Environ. 1993, 
46, 305–310. 
[159] Viscarra Rossel, R. a., McBratney, A.B., Laboratory evaluation of a proximal 
sensing technique for simultaneous measurement of soil clay and water content. 
Geoderma 1998, 85, 19–39. 
[160] Jacquemoud, S. and S.L.U., Application of radiative transfer models to moisture 
content estimation and burned land mapping. 4th Int. Work. Remote Sens. GIS 
Appl. to For. Fire Manag. 2003,  
[161] Krömke, H., Ermittlung eines optimalen Winkelpaares zwischen Lichtquelle und 
Detektor am optischen online Viskositätsmessstand für Schüttelkolben. 
Forschungspraktikum, Lehrstuhl für Bioverfahrenstechnik, RWTH Aachen 
University.  
[162] Gregory, M.R., Johnston, K.A., A nontoxic substitute for hazardous heavy 
liquids—aqueous sodium polytungstate (3Na 2 WO 4 .9WO 3 .H 2 O) solution 
(Note). New Zeal. J. Geol. Geophys. 1987, 30, 317–320. 
[163] Madella, M., Powers-Jones, A.H., Jones, M.K., A simple method of extraction of 
opal phytoliths from sediments using a non-toxic heavy liquid. J. Archaeol. Sci. 
1998, 25, 801–803. 
[164] Munsterman, D., Kerstholt, S., Sodium polytungstate, a new non-toxic alternative 
to bromoform in heavy liquid separation. Rev. Palaeobot. Palynol. 1996, 91, 417–
422. 
162  Bibliography 
 
[165] Lee R. Lynd, Paul J. Weimer, Willem H. van Zyl, I.S.P., Microbial cellulose 
utilization: Fundamentals and biotechnology. Microbiol. Mol. Biol. Rev. 2002, 66, 
506–577. 
[166] Peterson, R., Nevalainen, H., Trichoderma reesei RUT-C30 - thirty years of strain 
improvement. Microbiology 2012, 158, 58–68. 
[167] Ferraris, C.F., Geiker, M., Martys, N.S., Muzzatti, N., Parallel-plate rheometer 
calibration using oil and computer simulation. J. Adv. Concr. Technol. 2007, 5, 
363–371. 
[168] Novy, V., Schmid, M., Eibinger, M., Petrasek, Z. et al., The micromorphology of 
Trichoderma reesei analyzed in cultivations on lactose and solid lignocellulosic 
substrate, and its relationship with cellulase production. Biotechnol. Biofuels 2016, 
9, 169. 
[169] Han, Y.W., Clarke, M.A., Production and characterization of microbial levan. J. 
Agric. Food Chem. 1990, 38, 393–396. 
[170] Timmusk, S., Grantcharova, N., Wagner, E.G.H., Paenibacillus polymyxa invades 
plant roots and forms biofilms. Appl. Environ. Microbiol. 2005, 71, 7292–7300. 
[171] Haggag, W.M., Colonization of exopolysaccharide-producing Paenibacillus 
polymyxa on peanut roots for enhancing resistance against crown rot disease. 
African J. Biotechnol. 2007, 6, 1568–1577. 
[172] Meier, K., Klöckner, W., Bonhage, B., Antonov, E. et al., Correlation for the 
maximum oxygen transfer capacity in shake flasks for a wide range of operating 
conditions and for different culture media. Biochem. Eng. J. 2016, 109, 228–235. 
[173] Stansly, P.G., Schlosser, M.E., Studies on Polymyxin: Isolation and identification 
of Bacillus polymyxa and differentiation of Polymyxin from certain known 
antibiotics. J. Bacteriol. 1947, 54, 549–56. 
[174] Vasantha, N., Balakrishnan, R., Kaur, S., Jayaraman, K., Biosynthesis of 
polymyxin by Bacillus polymyxa. Arch. Biochem. Biophys. 1980, 200, 40–44. 
[175] Seletzky, J.M., Noak, U., Fricke, J., Welk, E. et al., Scale-up from shake flasks to 
fermenters in batch and continuous mode with Corynebacterium glutamicum on 
Bibliography  163 
 
 
lactic acid based on oxygen transfer and pH. Biotechnol. Bioeng. 2007, 98, 800–
811. 
[176] Wilkinson, J.F., The extracellualr polysaccharides of bacteria. Bacteriol. Rev. 
1958, 22, 46–73. 
[177] Lee, I.Y., Seo, W.T., Kim, G.J., Kim, M.K. et al., Optimization of fermentation 
conditions for production of exopolysaccharide by Bacillus polymyxa. Bioprocess 
Eng. 1997, 16, 71. 
[178] Williams, P.H., Black Rot: A Continuing Threat to World Crucifers. Plant Dis. 
1980, 64, 736. 
164  Bibliography 
 
  
Appendix  165 
 
 
Appendix 
 
Figure A- 1: Determination of ¶·¸ with the sodium sulphite system in the MicroRAMOS (A) and the 
Biolector® (B) 
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Table A- 1: Model parameters for the gas transport for MTP sealing tapes 
Variable Meaning Value Unit   Temperature 37 °C 67	  Absolute pressure  1.013 bar   Universal gas constant 8.314 J/mol/K d).  Molar volume 25.45 L/mol   Relative Humidity 35 %   Oxygen solubility in Wilms MOPS Medium a) 0.0008597 mol/L/bar e,.*	  Molar fraction of oxygen in air (35% RH) 0.2050 - e,;	,  Molar fraction of oxygen in headspace (100% RH) 0.1965 - 6,-	   Water vapour partial pressure in headspace (100% RH) 0.0628 bar ,  Diffusion coefficient of  O2 in air b)  0.2234 cm2/s ,  Diffusion coefficient of water vapour in air b)   0.2715 cm2/s , / , Ratio of DH2O,air and DO2,air 1.22 - 
,/  Effective diffusion coefficient of water vapour in the sealing tape F-GPR48-10 c) in relation to the height 0.2596 cm/s 
,/  Effective diffusion coefficient of oxygen in the sealing tape F-GPR48-10 c) in relation to the height 0.2032 cm/s %,#$  Well diameter of 24-well MTPs d)  16.45 mm %,$&  Well diameter of 48-well MTPs d)  11.98 mm %,'(  Well diameter of 96-well MTPs d)  6.90 mm 
a) [55] 
b) [56] 
c) m2p-labs GmbH, Baesweiler, Germany 
d) Information provided by the manufacturer or measured by a calliper 
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Figure A- 2: Schematic overview of the determination of °ÌÍ,¶Î 
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Table A- 2: Dilution series of glycerol stock solution 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask  
Concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
100 372.2 1.24 - 
99 270.6 1.25 8.13 
98 240.8 1.24 8.34 
97 209.6 1.23 8.27 
96 174.5 1.24 8.47 
95 150.6 1.23 8.47 
94 137.5 1.23 8.49 
93 122.7 1.23 8.5 
92 125.5 1.24 8.47 
91 100.2 1.23 8.63 
90 87.8 1.22 8.57 
85 51.9 1.21 8.52 
80 29.6 1.19 8.48 
75 24.4 1.19 8.45 
70 16.2 1.18 8.4 
65 12.3 1.16 8.38 
60 7.8 1.15 8.33 
55 6 1.14 8.28 
50 4.6 1.12 8.24 
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Table A- 3: Dilution series of PVP stock solution 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask  
Concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH  
[-] 
11.5 208.2 1.03 7.8 
11 177.8 1.03 7.8 
10.5 169.7 1.03 7.8 
10 117.9 1.02 7.78 
9.5 100.7 1.02 7.8 
9 89.5 1.02 7.8 
8.5 70.9 1.01 7.81 
8 60.0. 1.02 7.83 
7 44.6 1.01 7.87 
6 27.2 1.01 7.89 
5 21.9 1.01 7.91 
4 9.8 1.01 7.96 
3 5.4 1 8 
2 5 1 8.02 
1 2.5 1 8.05 
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Table A- 4: Dilution series of 40% (w/w) SPT stock solution with 985 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask 
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
895 251.2 1.53 6.79 
890 235.2 1.52 6.80 
880 202.5 1.51 6.82 
870 180.3 1.57 6.79 
860 148.2 1.50 6.79 
845 115.5 1.50 6.80 
830 101.3 1.49 6.80 
815 77.3 1.48 6.80 
780 56.8 1.45 6.78 
760 43.9 1.24 6.80 
725 29.6 1.42 6.80 
650 14.9 1.37 6.81 
350 2.6 1.20 6.93 
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Table A- 5: Dilution series of 50% (w/w) SPT stock solution with 880 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask 
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
880 260.1 1.60 6.80 
875 279.8 1.59 5.46 
865 202.9 1.58 5.58 
860 210.5 1.58 6.79 
855 210.8 1.58 5.65 
850 187.5 1.57 5.70 
840 146.2 1.56 6.80 
820 112.5 1.56 6.80 
800 83.8 1.54 6.80 
780 66.5 1.53 6.80 
750 50.4 1.50 6.12 
690 26.8 1.45 6.28 
650 16.6 1.44 6.81 
350 2.6 1.23 6.90 
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Table A- 6: Dilution series of 60% (w/w) SPT stock solution with 875 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask 
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
875 98.7 1.71 5.26 
860 83.4 1.70 5.43 
830 64.6 1.68 5.67 
800 53.4 1.66 5.35 
775 75.8 1.61 5.08 
750 30.0 1.63 5.65 
700 19.2 1.57 5.80 
550 6.0 1.43 5.80 
350 2.3 1.28 5.90 
 
  
Appendix  173 
 
 
Table A- 7: Dilution series of 70% (w/w) SPT stock solution with 790 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask  
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
790 188.5 1.81 6.55 
785 162.8 1.80 6.57 
780 163.9 1.79 6.57 
775 140.4 1.78 6.63 
770 131.0 1.78 6.67 
765 118.9 1.77 6.57 
760 116.2 1.76 6.57 
755 100.3 1.75 6.57 
750 96.6 1.74 6.57 
725 68.5 1.72 6.60 
700 50.9 1.70 6.61 
650 27.7 1.64 6.81 
550 10.6 1.52 6.67 
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Table A- 8: Dilution series of 75% (w/w) SPT stock solution with 650 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask 
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
650 432.6 216 4.99 
640 337.3 2.15 5.35 
630 253.6 2.11 5.53 
625 212.8 2.12 5.43 
620 235.7 2.11 6.05 
610 176.1 2.07 6.57 
600 145.0 2.07 6.35 
590 107.5 2.03 6.34 
580 90.3 2.02 6.43 
570 73.6 2.00 6.42 
550 50.1 1.96 6.46 
500 27.6 1.86 6.50 
450 12.9 1.78 6.77 
300 3.5 1.51 6.87 
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Table A- 9: Dilution series of 80% (w/w) SPT stock solution with 480 g/L glucose 
VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 37°C, VK = 250 mL 
Apparent viscosity is dependent on the temperature and shear rate in the shake flask 
Saccharose concentration 
[% (w/w)] 
Apparent viscosity 
[mPa·s] 
Density  
[g/mL] 
pH 
[-] 
480 300.6 2.44 5.54 
460 173.4 2.37 5.28 
455 156.3 2.37 4.98 
450 133.1 2.34 5.02 
445 114.1 2.33 5.66 
440 99.1 2.33 5.56 
430 85.0 2.30 5.96 
420 64.5 2.27 6.61 
400 40.6 2.20 6.58 
375 24.6 2.11 6.55 
325 10.6 1.94 6.71 
275 5.5 1.80 6.70 
100 1.5 1.23 6.94 
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Figure A- 3: Shear thinning behavior of aqueous PVP solutions with different concentrations (% 
(w/w))  
The higher the concentration and viscosity, the less its Newtonian behavior. T=30°C 
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A.1 MATLAB® algorithm for the evaluation of the angle θ based on 
the fluorescence measurement 
%% Optische Viskositätsmessung im Schüttelkolben  
% Algorithmus zur Detektion des Sichelbeginns (Phasenwinkel) 
% Das Fluoreszenzsignal (D) und die Umdrehungsdaten (Grad) werden als 
% Vektor vorgegeben 
  
%% Eingrenzen des Datenbereichs auf Bereich zwischen -70° und Maximum 
der Kurve  
ymax=max(D); 
rr=find(D(:,1)==max(D)); 
xmax=Grad(rr(1,1));  
datamax=(rr(1,1)); 
rr2=find(Grad>-70.0); 
datamin=rr2(1,1); 
  
%% Geraden bilden zwischen fortlaufenden Wert der Kurve und 
Kurvenmaximum 
% Winkel zwischen Gerade und x-Achse errechnen 
  
Steigungen=zeros(datamax-datamin+1,1); %Steigungen nur bis zum Max 
errechnen 
Winkel=zeros(datamax-datamin+1,1); %Winkel nur bis zum Max errechnen 
  
u=1; 
for i=datamin:datamax  
    m=(ymax-D(i))/(xmax-(Grad(i)));  
    Steigungen(u)=m; 
    Winkel(u)=atand(m); 
    u=u+1; 
end 
  
%% Grenze Bereich von rechts kommend nochmal ein 
  
Aenderung=zeros(datamax-datamin+1,1); 
y=1; 
for i=2:length(Winkel) 
    Aenderung(y)=Winkel(i)/Winkel(i-1); 
    y=y+1; 
end 
  
qq=find(Aenderung(:,1)<0.9); 
obereGrenze=qq(1,1); 
  
%% Finde maximalen Winkel  
  
Signalauswahl=Winkel(1:obereGrenze,1); 
maxWinkel=max(Signalauswahl); 
Gradauswahl=Grad(datamin:datamin+obereGrenze,1); 
  
dd=find(Signalauswahl(:,1)==maxWinkel); %was, wenn Wert mehr als 1x 
vorkommt? 
  
pointx=(Gradauswahl(dd)); 
ww=find(Grad(:,1)==pointx); 
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pointy=D(ww); 
  
%% Teste, ob dieser Winkel dem gesuchten Punkte entspricht, oder bereits 
zu sehr im Anstieg der Kurve liegt 
% Dafür: Bestimme den Abstand dieses Punktes zum einem Fit durch die 
Punkte, die vor dem maxiamlen Winkel liegen 
% falls größer als 0.01: nimm Datenpunkt eins weiter links, 
% teste nochmal... falls nicht größer: nimm diesen Punkt!  
  
  
% Polynomischer Fit - ändern je nach Norm Residuum 
[pp,S]=polyfit(Grad(ww-200:ww-20,1),D(ww-200:ww-20,1),1); %Fit bis kurz 
vor Anstieg legen 
z=2; 
while S.normr>0.1 %kritischer Punkt weil fixer, statischer Wert? 
[pp,S]=polyfit(Grad(1:datamin,1),D(1:datamin,1),z); 
z=z+1; 
end 
  
% Abstand der einzelnen Datenpunkte zum Fit 
aa=polyval(pp,Grad(ww-200:ww-20,1));  
Abstand=D(ww-200:ww-20,1)-aa; 
  
b=polyval(pp,pointx); 
Abstandpoint=pointy-b; 
k=1; 
  
while Abstandpoint>0.01             
        pointx=Gradauswahl(dd-k,1); 
        ww=find(Grad(:,1)==pointx); 
        pointy=D(ww); 
        b=polyval(pp,pointx); 
        Abstandpoint=abs(pointy-b); 
        k=k+1; 
end 
         
  
%% Erstellen Diagramm mit Kurvenverlauf und detektiertem Punkt 
  
figure 
hold on 
  
color1 = [0 0 1]; %blue 
color2 = [0 0 0]; %black 
color3 = [1 0 0]; %red 
  
plot(Grad, D, '', 'Color', color1, 'Linewidth',1, 'MarkerSize',10) 
plot(pointx, pointy, 'o', 'Color', color2, 'Linewidth',2, 
'MarkerSize',10) 
plot(Grad(ww-200:ww-20),aa,'','Color',color3,'Linewidth',1, 
'MarkerSize',10) 
legend('data', 'point',20) 
  
xlabel('Angle, °','fontsize', 20) 
ylabel('Signal, xx', 'fontsize', 20) 
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xlim([-180 max(Grad(:,1))]) 
%ylim([0 measuredC(i).c_BA(1)+1]) 
%ylim([0 7.5]) 
box on 
hold off 
A.2 MATLAB® algorithm for the evaluation of the angle θ based on 
the transmitted light measurement 
%%====================================================================== 
%               Onlineviskositätsmessung in Schüttelkolben 
%                Programm zur Detektion des Sichelbeginns 
%%======================================================================
= 
%% Übersicht 
% Das vorliegende Programm detektiert die Position des Sichelbeginns in 
% einem geschüttelten Schüttelkolben. Hierzu werden die eingelesenen 
% Signaldaten zunächst normiert. Dann wird eine linke Grenze ausgewählt, 
% von der aus mittels Vergleich von Integral ein horizontal laufender  
% Bereich gesucht wird um einen ersten linearen Fit durch dieses nahezu  
% konstante Signal zu legen. Dann wird eine rechte Grenze, die sich 
innerhalb  
% der fallenden Flanke, die den Sichelbeginn markiert, befindet, 
gesucht.  
% Von da aus wird durch den Vergleich von Steigungen ein Bereich in der 
Flanke 
% ausgewählt, durch den ein zweiten linearer Fit gelegt wird. Der 
% Schnittpunkt beider Fits bestimmt den Phasenwinkel theta.  
%% Bereinigung des Arbeitsspeichers 
  
clear 
clc 
  
%% Messdaten einlesen 
  
M = dlmread('6_hydrophil_30mL.txt');        % Textdatei des Signals - 
Achtung! Kommas durch Punkte ersetzen und erste Zeile (Text) löschen! 
Grad = M(:,1);                              % Vektor mit Winkelmaßen 
(Umdrehungsgrad) 
dm = size(M);                               % Angabe zur Dimension von M 
zm = dm(2);                                 % Anzahl der Spalten von M 
Winkel = zeros(zm-2,1);                     % Matrix, in die die 
Phasenwinkel geschrieben werden 
  
for iw=1:zm-2;                              % for Schleife für 
Phasenwinkel 
Signal = M(:,iw+2);                         % Vektor mit Signaldaten 
%% Normierung des Signals 
  
for f=1:length(Signal) 
    Signalnorm(f,1)=(Signal(f,1)-min(Signal))/(max(Signal)-min(Signal)); 
end 
  
%% Linke Grenze Auswahlbereich = linke Grenze linearer horizontaler Fit 
(LHF) 
  
% Indizes für alle Eintraege in Grad, die groesser sind als -120° 
lg_alle = find(Grad>-120.0);  
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% Index für Position der linken Grenze des Auswahlbereichs in Grad 
lg = lg_alle(1,1);  
  
%% Ermittlung rechter Grenze für Datenbereich linearer horizontaler Fit 
(LHF) 
  
% Integralbreite soll ca. 5° sein 
values_360 = length(Signal); 
values_5 = values_360/72; 
  
% Integralbreite 
d_int = floor(values_5); 
  
% Grenzwert 
gw = 0.002;  
  
% B wird als "wahr" initialisiert  
B = 1; 
  
% Laufvariablen 
m = 0; 
n = 1; 
  
while B==true 
        m=m+1; 
        n=n+1; 
        %Berechnung eines fortlaufenden Integrals zwischen Signal und 
        %x-Achse von linker Grenze lg aus kommend 
        E = trapz(Grad(lg:lg+d_int),Signalnorm(lg:lg+d_int)); 
        F = 
trapz(Grad(lg+m*d_int:lg+n*d_int),Signalnorm(lg+m*d_int:lg+n*d_int)); 
% Bedingung: Fortlaufendes Integral F und Startintegral E sind 
ungefähr gleich groß,  
        % sonst Abbruch 
        if abs(1-F/E)>=gw 
            B = 0; 
        end 
        % Winkel der rechten Grenze des Auswahlbereichs 
        GradLHF_rg = Grad(lg+m*d_int); 
        % normiertes Signal der rechten Grenze des Auswahlbereichs 
        SignalLHF_rg = Signalnorm(lg+m*d_int); 
end 
  
%% Berechnung linearer horizontaler Fit (LHF) 
koeff_LHF = polyfit(Grad(lg:lg+m*d_int), Signalnorm(lg:lg+m*d_int),1); 
  
%% Rechte Grenze Auswahlbereich 
  
% Hilfswert zur Bestimmung der rechten Grenze 
hw1 = 0.8; 
sw1 = hw1*mean(Signalnorm(lg:lg+m*d_int));  
  
% Indizes für alle Eintraege in Signal finden, die kleiner sind als 
Hilfswert und 
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% weiter rechts liegen als -120° (sonst könnte rechte Grenze weiter 
links 
% sein als linke Grenze) 
rg_alle = find(Signalnorm(lg:length(Signalnorm))<sw1); 
  
% Hilfswert zur Bestimmung der rechten Grenze, wenn hw1 nicht geht 
hw2 = 0.90;  
  
% Hilfswert zur Bestimmung der rechten Grenze, wenn hw2 nicht geht 
hw3 = 0.95; 
  
% Falls es keinen Eintrag in Signal gibt, der kleiner ist als der 
% Hilfswert hw, werden sw1 und sw2 als neue Hilfswerte verwendet und 
% mit den Eintraegen aus Signal verglichen. Falls kein Wert kleiner 
% als sw2, befindet sich System "außer Phase" --> Abbruch. 
if isempty(rg_alle) 
    sw2 = hw2*mean(Signalnorm(lg:lg+m*d_int)); 
    rg_alle = find(Signalnorm(lg:length(Signalnorm))<sw2); 
    if isempty(rg_alle) 
        sw3 = hw3*mean(Signalnorm(lg:lg+m*d_int)); 
        rg_alle = find(Signalnorm(lg:length(Signalnorm))<sw3); 
        if isempty(rg_alle) 
            display('Fehler: Sichelbeginn nicht detektierbar'); 
display(iw+2); 
        else 
        % Index für Position der rechten Grenze des Auswahlbreichs in 
Grad 
            rg = rg_alle(1,1)+lg; 
        end 
    else 
        rg = rg_alle(1,1)+lg; 
    end 
else 
   rg = rg_alle(1,1)+lg;  
  
GradAusw = Grad(lg:rg);                 % Winkelmaße Auswahlbereich 
SignalnormAusw = Signalnorm(lg:rg);     % Signal Auswahlbereich 
  
%% Berechnung linearer Fit durch fallende Flanke  
  
% Datenauswahl in fallender Flanke links von rechter Grenze des 
Datenbereichs 
[slope0]=polyfit(Grad(rg-1:rg+1),Signalnorm(rg-1:rg+1),1); 
[slope1]=polyfit(Grad(rg-2:rg+1),Signalnorm(rg-2:rg+1),1); 
  
Steigung1(1,1)=slope0(1,1); 
Steigung1(2,1)=slope1(1,1); 
  
i=2; 
k=3; 
  
while abs((Steigung1(i,1)-Steigung1(1,1))/Steigung1(1,1))<=0.07 
     
    [slope]=polyfit(Grad(rg-k:rg+1),Signalnorm(rg-k:rg+1),1); 
    i=i+1; 
    Steigung1(i,1) = slope(1,1); 
    k=k+1; 
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end 
  
% Datenauswahl in fallender Flanke rechts von rechter Grenze des 
Datenbereichs 
[slope0_2]=polyfit(Grad(rg-1:rg+1),Signalnorm(rg-1:rg+1),1); 
[slope0_1]=polyfit(Grad(rg-1:rg+2),Signalnorm(rg-1:rg+2),1); 
  
Steigung(1,1)=slope0_2(1,1); 
Steigung(2,1)=slope0_1(1,1); 
  
ii=2; 
kk=3; 
  
while abs((Steigung(ii,1)-Steigung(1,1))/Steigung(1,1))<=0.07 
     
    [slope]=polyfit(Grad(rg-1:rg+kk),Signalnorm(rg-1:rg+kk),1); 
    ii=ii+1; 
    Steigung(ii,1)=slope(1,1); 
    kk=kk+1; 
     
end 
  
%linearer Fit durch gesamte Datenauswahl für fallende Flanke 
[slope]=polyfit(Grad(rg-k:rg+kk),Signalnorm(rg-k:rg+kk),1); 
  
%% --- Detektion Sichelbeginn / Schnittpunkt der beiden linearen Fits--- 
  
Winkel(iw,1)=(slope(1,2)-koeff_LHF(1,2))/(koeff_LHF(1,1)-slope(1,1)); 
  
%% Grafische Visualisierung 
%  plot(Grad,Signalnorm) 
%  hold on 
%  plot(GradAusw,SignalnormAusw) 
%  plot(Grad(lg:lg+m*d_int),Signalnorm(lg:lg+m*d_int),'*'); 
%  plot(Grad(rg-k:rg+kk),Signalnorm(rg-k:rg+kk),'*') 
%  plot(Winkel(iw,1),(koeff_LHF(1,1)*Winkel(iw,1)+koeff_LHF(1,2)),'+') 
%  hold off 
end 
end 
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Figure A- 4: Raw signal for 200 rotations of the transmitted light measurement 
VK = 250 mL, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30 °C. A H2O with η = 0.78 
mPa·s;  
B Aqueous 7 % (w/w) PVP solution with η = 64.08 mPa·s. 
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Table A- 10: Influence of LED and detector angle setting on signal intensity at different conditions 
First row: LED angles, first column: detector angles. The signal intensity was determined by 
averaging the values of the horizontal signal sequence of the raw signal (section 2.3.2, Figure 
2-12). The results show the relative signal intensity with respect to the highest signal 
intensity. Grey fields indicate angle positions for which no measurement was performed. 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, H2O. 
 
123 124 125 126 127 128 129 130 
52 0.124     0.879 0.961 0.882   0.902 
53 0.130 0.638 0.957 0.923 0.859 0.907 0.988 0.928 
54 0.144 0.679 0.912 0.933 0.879 0.923 0.996 0.919 
55 0.310 0.724 0.940 0.924 0.877 0.905 1.000 0.875 
56 0.325 0.729 0.927 0.876 0.826 0.871 0.962 0.801 
57 0.324 0.698 0.904 0.765 0.756 0.811 0.905   
58 0.313 0.351             
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, H2O.  
 
123 124 125 126 127 128 129 130 
52 0.114     0.912 0.836       
53 0.131   0.951 0.926 0.860 0.881 0.970   
54 0.141 0.569 0.292 0.930 0.870 0.910 0.998   
55 0.158 0.604 0.966 0.912 0.872 0.917 1.000   
56 0.168 0.618 0.927 0.855 0.827 0.876 0.942 0.682 
57 0.171 0.609   0.764   0.810     
58 0.168 0.565             
59   0.526             
 
VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, H2O.  
 
123 124 125 126 127 128 129 
52 0.113     0.967 0.882 0.810   
53 0.120   0.879 0.987 0.897 0.832 0.907 
54 0.132 0.522 0.921 1.000 0.899 0.841 0.955 
55 0.138 0.336 0.934 0.979 0.876 0.833 0.960 
56 0.141 0.342 0.913 0.912 0.806 0.797 0.925 
57 0.139 0.339 0.837 0.702 0.729 0.745 0.884 
58 0.134 0.322           
59   0.306           
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VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 0.9% (w/w) sodium chloride 
 
123 124 125 126 127 128 129 130 
52       0.862 0.798     0.902 
53 0.253   0.903 0.910 0.855 0.886 0.959 0.902 
54 0.281 0.613 0.934 0.920 0.871 0.920 0.992 0.893 
55 0.308 0.659 0.952 0.916 0.870 0.916 1.000 0.841 
56 0.333 0.674 0.914 0.847 0.821 0.881 0.964 0.794 
57 0.333 0.653 0.853 0.758   0.849   0.694 
58 0.323 0.615   0.672         
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 0.9% (w/w) sodium chloride 
 
123 124 125 126 127 128 129 130 
52 0.137         0.815 0.929 0.860 
53 0.166   0.882 0.950 0.840 0.854 0.978 0.890 
54 0.185 0.530 0.914 0.963 0.857 0.880 1.000 0.876 
55 0.199 0.567 0.932 0.962 0.850 0.881 0.994 0.838 
56 0.216 0.599 0.927 0.968 0.822 0.859 0.950 0.770 
57 0.222 0.593 0.851 0.824 0.778 0.817   0.684 
58 0.216 0.555   0.755   0.733     
59   0.525             
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 0.9% (w/w) sodium chloride 
 
123 124 125 126 127 128 129 130 
52               0.868 
53     0.880 0.900     0.971 0.879 
54 0.295 0.559 0.909 0.957 0.868 0.873 0.999 0.864 
55 0.315 0.591 0.926 0.942 0.867 0.893 1.000 0.832 
56 0.330 0.612 0.903 0.883 0.817 0.859 0.945   
57 0.333 0.600 0.858 0.826   0.822     
58 0.324               
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VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 0.9% (w/w) sodium chloride 
 
123 124 125 126 127 128 129 130 
52       0.888 0.797     0.819 
53   0.558   0.954 0.847 0.848 0.974 0.832 
54 0.296 0.598 0.913 0.966 0.861 0.873 0.992 0.814 
55 0.315 0.626 0.924 0.958 0.851 0.874 1.000 0.774 
56 0.330 0.636 0.877 0.906 0.817 0.846 0.963 0.713 
57 0.332 0.612 0.830     0.803   0.624 
58 0.322               
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 250 g/L glucose 
 
123 124 125 126 127 128 129 130 
52               0.813 
53   0.607 0.915 0.916 0.837 0.869 0.978 0.825 
54 0.282 0.652 0.946 0.927 0.851 0.886 1.000 0.792 
55 0.314 0.689 0.961 0.915 0.855 0.892 0.996 0.746 
56 0.325 0.702 0.926 0.850 0.814 0.859 0.937 0.660 
57 0.323 0.682     0.766   0.877   
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 250 g/L glucose 
 
123 124 125 126 127 128 129 130 
52               0.793 
53       0.921 0.830 0.879 0.972 0.805 
54 0.284 0.492 0.812 0.929 0.845 0.904 0.996 0.771 
55 0.303 0.524 0.827 0.910 0.847 0.900 1.000 0.736 
56 0.317 0.538 0.818 0.858 0.823 0.875 0.959 0.661 
57 0.323 0.537             
58 0.318 0.516             
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 250 g/L glucose 
 
123 124 125 126 127 128 129 130 
52           0.796 0.891 0.814 
53       0.892 0.829 0.872 0.971 0.824 
54 0.236 0.482 0.859 0.900 0.846 0.897 0.992 0.804 
55 0.252 0.508 0.876 0.878 0.845 0.910 1.000 0.772 
56 0.258 0.522 0.853 0.825 0.800 0.881 0.954   
57 0.254 0.521 0.808   0.769 0.844     
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VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 250 g/L glucose 
 
123 124 125 126 127 128 129 130 
52       0.867 0.761     0.866 
53       0.939 0.814 0.822 0.961 0.899 
54 0.226 0.426 0.828 0.955 0.837 0.855 0.991 0.885 
55 0.237 0.464 0.846 0.951 0.832 0.861 1.000 0.852 
56 0.243 0.471 0.843 0.912 0.797 0.822 0.979 0.787 
57 0.239 0.463 0.818 0.865 0.752 0.786 0.929 0.760 
 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 3.75% (w/w) PVP 
 
124 125 126 127 128 129 130 131 
51 0.273 0.642 0.865 0.894 0.875 0.926 0.929 0.591 
52   0.759 0.971 0.988 0.917 0.998 0.984 0.595 
53 0.368 0.799 0.994 0.977 0.937 1.000 0.970 0.570 
54   0.812 0.978 0.841 0.925 0.982 0.933 0.515 
55   0.806 0.948 0.887 0.882 0.928 0.890 0.438 
56 0.398 0.777 0.872 0.847 0.844 0.872 0.747 0.400 
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 3.75% (w/w) PVP 
 
123 124 125 126 127 128 129 130 131 
51 0.089 0.173 0.582 0.878 0.869 0.795 0.842 0.897 0.576 
52   0.230 0.707 0.993 0.936 0.898 0.936 1.000 0.590 
53 0.021 0.246 0.741 1.000 0.938 0.901 0.952 0.992 0.550 
54   0.258 0.758 0.978 0.914 0.885 0.939 0.948 0.498 
55 0.125 0.264 0.767 0.937 0.870 0.832 0.913 0.884 0.442 
56   0.269 0.759 0.883 0.815 0.806 0.872 0.829 0.399 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 3.75% (w/w) PVP 
 
124 125 126 127 128 129 130 131 
51 0.224 0.599 0.902 0.855 0.794 0.870 0.939   
52   0.693 0.964 0.925 0.875 0.957 1.000 0.734 
53 0.308 0.721 0.980 0.925 0.885 0.969 0.993 0.693 
54   0.740 0.949 0.888 0.866 0.956 0.952 0.652 
55   0.757 0.893 0.855 0.816 0.931 0.915 0.608 
56 0.336 0.742 0.820 0.779 0.778 0.874 0.828 0.500 
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VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, 3.75% (w/w) PVP 
 
124 125 126 127 128 129 130 
51 0.261 0.453 0.789 0.862 0.802 0.827 0.902 
52   0.530 0.915 0.864 0.873 0.908 1.000 
53 0.360 0.579 0.945 0.944 0.892 0.923 0.996 
54   0.603 0.931 0.917 0.869 0.909 0.940 
55   0.623 0.908 0.864 0.818 0.889 0.875 
56 0.393 0.628 0.858 0.788 0.768 0.804 0.775 
 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, basic sol. Wilms MOPS 
medium 
 
123 124 125 126 127 128 129 130 131 
52 0.093             0.858 0.637 
53 0.105 0.309 0.828 0.985 0.889 0.851 0.916 0.981   
54 0.116 0.353 0.869 1.000 0.900 0.871 0.949 0.986 0.640 
55 0.128 0.376 0.891 0.983 0.864 0.878 0.956 0.941   
56 0.133 0.392 0.871 0.933 0.815 0.818 0.908 0.881 0.525 
57 0.132 0.385 0.845 0.889   0.766   0.805   
58   0.376               
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, basic sol. Wilms MOPS 
medium 
 
124 125 126 127 128 129 130 131 
51     0.927 0.914         
52 0.326 0.745 0.996 0.957 0.905 0.951 0.993 0.641 
53 0.358 0.791 1.000 0.948 0.908 0.954 0.991 0.648 
54 0.374 0.805 0.974 0.904 0.881 0.938 0.930 0.615 
55 0.395 0.803 0.936 0.852 0.843 0.886 0.868 0.571 
56 0.401 0.765 0.860 0.811 0.803 0.839   0.519 
57 0.394 0.718 0.770           
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, basic sol. Wilms MOPS 
medium 
 
124 125 126 127 128 129 130 131 
51     0.898 0.885 0.796 0.864 0.889 0.728 
52   0.592 0.984 0.942 0.869 0.952 1.000 0.760 
53 0.341 0.618 0.993 0.935 0.876 0.961 0.983 0.729 
54 0.363 0.640 0.950 0.909 0.852 0.949 0.860 0.665 
55 0.377 0.653 0.895 0.854 0.813 0.919 0.898 0.611 
56 0.381 0.652 0.834 0.798 0.770 0.878 0.825   
57 0.368 0.629 0.771 0.743 0.723 0.810 0.757   
 
VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, basic sol. Wilms MOPS 
medium 
 
124 125 126 127 128 129 130 131 
51     0.939 0.911 0.876 0.902 0.947 0.763 
52 0.303 0.754 0.997 0.961 0.903 0.960 0.994 0.767 
53 0.331 0.801 1.000 0.958 0.898 0.967 0.997 0.730 
54 0.354 0.822 0.978 0.932 0.873 0.941 0.965 0.686 
55 0.371 0.819 0.931 0.863 0.840 0.903 0.899 0.612 
56 0.383 0.805 0.872 0.816 0.781 0.873 0.826   
57   0.764 0.808 0.759 0.731 0.792     
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, TB medium 
 
123 124 125 126 127 128 129 130 131 
51       0.953 0.898 0.854 0.904 0.947   
52 0.112   0.882 1.000 0.930 0.888 0.966 0.982 0.660 
53 0.000 0.353 0.907 0.993 0.920 0.882 0.972 0.968 0.638 
54 0.128 0.369 0.902 0.940 0.881 0.860 0.950 0.918 0.535 
55 0.137 0.382 0.880 0.886 0.822 0.835 0.900 0.848 0.515 
56 0.142 0.392 0.810 0.814 0.743 0.786 0.869 0.721 0.393 
57   0.380 0.759 0.675 0.631         
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, TB medium 
 
124 125 126 127 128 129 130 131 
51 0.293 0.591 0.937 0.925 0.848 0.867 0.965   
52 0.328 0.661 0.975 0.952 0.889 0.933 1.000 0.647 
53 0.354 0.678 0.989 0.957 0.900 0.944 0.990 0.609 
54 0.371 0.692 0.961 0.927 0.875 0.928 0.973 0.552 
55 0.387 0.701 0.921 0.881 0.839 0.886 0.920 0.515 
56 0.391 0.688 0.855 0.794 0.773 0.849 0.854   
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, TB medium 
 
124 125 126 127 128 129 130 131 
51 0.296 0.612 0.918 0.953 0.865 0.865 0.963 0.691 
52 0.353 0.667 0.978 0.986 0.908 0.955 0.984 0.684 
53   0.698 1.000 0.992 0.904 0.962 0.955 0.643 
54 0.374 0.719 0.987 0.961 0.880 0.949 0.893 0.603 
55 0.392 0.738 0.927 0.904 0.828 0.921 0.789 0.530 
56 0.390 0.729 0.877 0.846 0.784 0.867 0.751 0.461 
 
VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, TB medium 
 
124 125 126 127 128 129 130 131 
51 0.301 0.717 0.932 0.967 0.914 0.917 0.905 0.656 
52 0.340 0.793 0.982 1.000 0.947 0.982 0.904 0.642 
53 0.369 0.824 0.995 0.996 0.944 0.979 0.837 0.584 
54 0.393 0.825 0.967 0.961 0.906 0.962 0.795 0.539 
55 0.400 0.818 0.939 0.893 0.868 0.905 0.739 0.473 
56 0.403 0.802 0.896 0.843 0.804 0.857 0.661 0.439 
 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 1 
 
124 125 126 127 128 129 130 131 
51   0.583 0.856 0.969 0.918 0.943 0.899   
52 0.420 0.726 0.961 0.988 0.936 0.999 0.913   
53 0.446 0.750 0.980 0.974 0.919 1.000 0.853 0.455 
54 0.505 0.758 0.968 0.936 0.895 0.976 0.814 0.410 
55 0.516 0.766 0.950 0.886 0.869 0.919 0.721 0.340 
56 0.528 0.757 0.888 0.818 0.815 0.879 0.656 0.308 
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 1 
 
124 125 126 127 128 129 130 131 
51   0.583 0.856 0.969 0.918 0.943 0.899   
52 0.420 0.726 0.961 0.988 0.936 0.999 0.913   
53 0.446 0.750 0.980 0.974 0.919 1.000 0.853 0.455 
54 0.505 0.758 0.968 0.936 0.895 0.976 0.814 0.410 
55 0.516 0.766 0.950 0.886 0.869 0.919 0.721 0.340 
56 0.528 0.757 0.888 0.818 0.815 0.879 0.656 0.308 
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 1 
 
124 125 126 127 128 129 130 131 
51   0.635 0.911 0.933 0.878 0.918 0.958   
52 0.309 0.751 1.000 0.960 0.908 0.961 0.979   
53 0.340 0.767 0.998 0.951 0.901 0.969 0.968 0.506 
54 0.352 0.786 0.972 0.925 0.873 0.948 0.932 0.451 
55 0.368 0.788 0.917 0.883 0.835 0.918 0.839 0.408 
56 0.367 0.766 0.883 0.826 0.764 0.857 0.738 0.324 
 
VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 1 
 
124 125 126 127 128 129 130 131 
51   0.607 0.902 0.928 0.865 0.914 0.955   
52 0.426 0.680 0.973 0.953 0.899 0.961 0.975 0.746 
53 0.470 0.729 1.000 0.945 0.886 0.962 0.946 0.705 
54 0.488 0.749 0.987 0.915 0.859 0.916 0.898 0.653 
55 0.505 0.766 0.913 0.861 0.818 0.884 0.828 0.582 
56 0.504 0.752 0.872 0.795 0.740 0.827 0.782 0.526 
 
 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 10 
 
124 125 126 127 128 129 130 131 
51   0.604 0.945 0.942 0.889 0.916   0.803 
52 0.284 0.694 1.000 0.959 0.909 0.970   0.802 
53 0.304 0.720 0.998 0.952 0.900 0.969   0.761 
54 0.313 0.728 0.968 0.926 0.909 0.944 0.840 0.705 
55 0.323 0.691 0.942 0.864 0.857 0.923 0.901 0.643 
56 0.335 0.730 0.862 0.791   0.870 0.816 0.580 
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 10 
 
124 125 126 127 128 129 130 131 
51 0.382 0.601 0.948 0.956 0.876 0.896 0.939 0.662 
52 0.415 0.673 0.995 0.988 0.906 0.949 0.967 0.646 
53 0.433 0.717 1.000 0.975 0.901 0.952 0.965 0.605 
54 0.453 0.724 0.977 0.930 0.859 0.933 0.905 0.559 
55 0.467 0.725 0.941 0.873 0.820 0.894 0.834 0.472 
56 0.711 0.685 0.860 0.812 0.793 0.868 0.752 0.430 
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VK = 250 mL, Flask No. 6, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 10 
 
124 125 126 127 128 129 130 131 
51   0.652 0.950 0.898 0.865 0.912 0.929 0.673 
52 0.270 0.713 1.000 0.928 0.907 0.946 0.950 0.670 
53 0.284 0.750 0.992 0.931 0.916 0.968 0.931 0.650 
54 0.300 0.773 0.954 0.883 0.893 0.955 0.888 0.584 
55 0.308 0.781 0.876 0.817 0.858 0.923 0.773 0.532 
56 0.200 0.771 0.830 0.767 0.824 0.873 0.719   
 
 
VK = 250 mL, Flask No. 1, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 20 
 
124 125 126 127 128 129 130 131 
51 0.350 0.589 0.955   0.858 0.935 0.985 0.665 
52 0.378 0.649 0.991   0.890 0.959 1.000 0.642 
53 0.418 0.667 0.989   0.894 0.958 0.986 0.606 
54 0.436   0.964 0.899 0.879 0.935 0.938 0.555 
55 0.453   0.920 0.842 0.844 0.909 0.916 0.492 
56 0.448   0.842 0.763 0.809 0.874 0.841 0.446 
 
VK = 250 mL, Flask No. 1, VL = 20 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 20 
 
123 124 125 126 127 128 129 130 131 
51   0.350 0.589 0.955   0.858 0.935 0.985 0.665 
52   0.378 0.649 0.991   0.890 0.959 1.000 0.642 
53   0.418 0.667 0.989   0.894 0.958 0.986 0.606 
54   0.436   0.964 0.899 0.879 0.935 0.938 0.555 
55 0.844 0.453   0.920 0.842 0.844 0.909 0.916 0.492 
56 0.763 0.448   0.842 0.763 0.809 0.874 0.841 0.446 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 20 
 
124 125 126 127 128 129 130 131 
51 0.419 0.774 0.969 0.937 0.889 0.959 0.979 0.696 
52 0.455 0.821 1.000 0.949 0.904 0.981 0.994 0.689 
53 0.473 0.858 0.995 0.942 0.898 0.999 0.984 0.658 
54 0.490 0.869 0.962 0.910 0.875 0.976 0.942 0.619 
55 0.505 0.865 0.928 0.867 0.845 0.956 0.884 0.555 
56 0.506 0.850 0.885 0.824 0.814 0.907 0.788 0.453 
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 350 rpm, d0 = 50 mm, T = 30°C, E. coli OD600 = 20 
 
124 125 126 127 128 129 130 131 
51 0.316 0.738 0.964 0.925 0.882 0.965 0.927 0.790 
52 0.347 0.791 0.999 0.952 0.900 0.992 0.939 0.768 
53 0.381 0.828 1.000 0.940 0.887 0.977 0.906 0.714 
54 0.398 0.842 0.964 0.900 0.863 0.947 0.860 0.673 
55 0.412 0.833 0.371 0.842 0.825 0.915 0.771 0.582 
56 0.427 0.800 0.842 0.769 0.773 0.865 0.688 0.534 
 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, H2O 
 
123 124 125 126 127 128 129 130 131 
51 0.116 0.209 0.449 0.727 0.782 0.916 0.892 0.632 0.351 
52     0.473 0.775 0.815 0.916 0.898 0.652   
53   0.251 0.506 0.801 0.842 0.950 0.910 0.660   
54     0.531 0.830 0.867 0.989 0.919 0.665   
55 0.119 0.290 0.573 0.848 0.891 1.000 0.908 0.644 0.341 
56     0.591 0.845 0.889 0.985 0.871 0.619   
57   0.314 0.599 0.827 0.879 0.952 0.811 0.576   
58     0.595 0.794 0.848 0.925 0.783 0.527   
59 0.110 0.309 0.569 0.760 0.804 0.891 0.695 0.477 0.217 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, 0.9% (w/w) sodium chloride 
 
123 124 125 126 127 128 129 130 131 
51 0.078 0.176 0.536 0.729 0.790 0.871 0.875 0.668 0.352 
52   0.195 0.561 0.772 0.829 0.919 0.907 0.690   
53   0.195 0.603 0.792 0.862 0.955 0.921 0.699   
54   0.228 0.641 0.818 0.895 0.983 0.932 0.702   
55 0.101 0.242 0.663 0.839 0.906 0.998 0.921 0.691 0.336 
56   0.259 0.669 0.839 0.901 1.000 0.895 0.656   
57   0.269 0.661 0.821 0.878 0.981 0.842 0.618   
58   0.275 0.640 0.805 0.849 0.948 0.797 0.564   
59 0.112 0.274 0.635 0.756 0.817 0.880 0.733 0.516 0.229 
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, 250 g/L glucose 
 
123 124 125 126 127 128 129 130 131 
51 0.079 0.215 0.488 0.668 0.802 0.886 0.788 0.526 0.302 
52   0.229 0.507 0.690 0.853 0.935 0.817 0.546   
53   0.246 0.529 0.734 0.878 0.968 0.825 0.548   
54   0.270 0.571 0.771 0.914 0.990 0.830 0.547   
55 0.104 0.289 0.591 0.788 0.923 1.000 0.817 0.535 0.285 
56   0.312 0.611 0.785 0.919 0.988 0.790 0.504   
57   0.320 0.613 0.772 0.898 0.946 0.737 0.471   
58   0.320 0.598 0.745 0.856 0.877 0.695 0.440   
59 0.121 0.311 0.571 0.702 0.809 0.832 0.628 0.402 0.193 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, 3.75% (w/w) PVP 
 
123 124 125 126 127 128 129 130 131 
51 0.104 0.240 0.465 0.686 0.756 0.882 0.813 0.591 0.286 
52     0.505 0.728 0.805 0.930 0.835 0.616   
53   0.285 0.536 0.748 0.835 0.962 0.858 0.622   
54     0.560 0.775 0.859 0.988 0.862 0.624   
55 0.131 0.323 0.587 0.801 0.875 1.000 0.849 0.612 0.265 
56     0.595 0.806 0.874 0.990 0.803 0.588   
57   0.342 0.589 0.795 0.862 0.960 0.773 0.557   
58     0.575 0.769 0.824 0.914 0.713 0.530   
59 0.132 0.331 0.554 0.727 0.785 0.846 0.665 0.484 0.197 
 
VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, basic sol. Wilms MOPS 
medium 
 
124 125 126 127 128 129 130 131 
51 0.162 0.386 0.675 0.783 0.876 0.880 0.525 0.298 
52   0.411 0.712 0.814 0.922 0.926 0.547 0.289 
53 0.190 0.439 0.736 0.846 0.953 0.941 0.551 0.282 
54   0.476 0.771 0.883 0.986 0.946 0.550 0.265 
55 0.216 0.511 0.790 0.905 1.000 0.940 0.537 0.278 
56   0.511 0.794 0.901 0.985 0.923 0.520 0.240 
57 0.248 0.513 0.788 0.886 0.947 0.869 0.502 0.219 
58   0.500 0.763 0.835 0.898 0.821 0.460 0.198 
59 0.242 0.483 0.715 0.793 0.840 0.733 0.408 0.194 
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VK = 250 mL, Flask No. 6, VL = 10 mL, n = 250 rpm, d0 = 50 mm, T = 30°C, TB medium 
 
123 124 125 126 127 128 129 130 131 
51 0.100 0.284 0.480 0.629 0.775 0.891 0.841 0.577 0.382 
52 0.120 0.311 0.502 0.650 0.804 0.931 0.876 0.590   
53   0.332 0.526 0.693 0.841 0.962 0.883 0.594   
54   0.355 0.553 0.726 0.868 0.992 0.889 0.595   
55 0.152 0.381 0.581 0.750 0.882 1.000 0.877 0.582 0.373 
56   0.392 0.600 0.751 0.882 0.986 0.846 0.559   
57   0.403 0.606 0.744 0.872 0.953 0.814 0.524   
58   0.396 0.602 0.721 0.847 0.891 0.758 0.487   
59 0.172 0.389 0.579 0.696 0.790 0.847 0.688 0.442 0.260 
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Figure A- 5: Technical drawing of the detector clamp 
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Figure A- 6: Technical drawing of the base for the LED clamp 
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Figure A- 7: Technical drawing of the column of the LED clamp 
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Figure A- 8: Technical drawing of the beam of the LEF clamp 
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Figure A- 9: Technical drawing of the Led fixation and the LED clamp 
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Figure A- 10: Technical drawing of the baseplate with all mechanical components 
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Figure A- 11: Main circuit board 
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Figure A- 12: Circuit board of the detector 
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Figure A- 13: Density of aqueous SPT solutions as function of mass concentration 
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Table A- 11: Fit parameters of the function Ï = ² · ÐÑ + Ò for d0 = 50 mm, T = 30°C und VK = 250 
mL  
Volume [mL] 10  20  30  
Shaking frequency [rpm] a b c a b c a b c 
150     3.552 0.712 95.23 3.923 0.619 81.78 200     1.466 0.873 103.67 2.691 0.675 87.65 250     1.031 0.926 106.14 1.612 0.749 93.53 300  1.964 0.943 119.63 0.756 0.946 109.93    350  1.836 0.918 120.33 0.712 0.938 110.41     
Table A- 12: Fit parameters of the function Ï = ² · ÐÑ + Ò for d0 = 25 mm, T = 30°C und VK = 250 
mL 
For volumes of 10 mL a linear fit was used resulting in b=1.000 
Volume [mL] 10  20  
Shaking frequency [rpm] a b c a b c 
300 0.103 1.000 -10.97 5.681 0.810 89.97 
350 0.117 1.000 -12.67 5.522 0.773 90.86 
 
Table A- 13: Fit parameters of the function Ð = (Ï Ò)/²)Ñ  for d0 = 50 mm, T = 30°C und VK = 250 
mL 
Volume [mL] 10  20  30  
Shaking frequency [rpm] a b c a b c a b c 
150    5.210 0.632 87.87 4.768 0.582 -99.36 200    2.501 0.765 80.00 2.788 0.663 -92.63 250    1.352 0.872 75.58 1.621 0.749 -85.99 300 2.069 0.930 61.24 2.327 0.717 76.28    350 2.487 0.836 61.00 1.530 0.790 74.06     
Table A- 14: Fit parameters of the function Ð = (Ï Ò)/²)Ñ  for d0 = 25 mm, T = 30°C und VK = 250 
mL 
For volumes of 10 mL a linear fit was used resulting in b=1.000 
Volume [mL] 10  20  
Shaking frequency [rpm] a b c a b c 
300 9.625 1.000 -72.45 8.089 0.704 -93.95 
350 8.464 1.000 -71.15 5.619 0.762 -88.78 
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Figure A- 14: Simulation of shear rates and viscosity curves as function of various shaking 
parameters for two fictitious fluids 
VL = filling volume, d = shake flask diameter. d = 6.4 cm corresponds to a nominal 
shake flask volume of 100 mL, d = 8.3 cm to 250 mL and d = 10.5 cm to 500 mL. 2.5, 
2.6, 2.7 and 2.9 (section 2.1.2) are the equations used for this simulation. Parameters 
are listed in Table A- 15 in the appendix. Data points are exclusively plotted for in-
phase shaking conditions. For reasons of readability, only one in ten data points is 
shown. A-C K = 10 mPa·sm, m = 0.8 D-F K = 10000 mPa·sm, m = 0.2.  
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Table A- 15: Model parameters for the simulation of shear rates in shake flasks  
Variable Meaning Value Unit   Proportionality factor 2.06 - h Exponent of the geometric number  -0.331 -   Liquid density 1000 kg/m3   Shaking diameter 0.07 m 
 
